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SUMMARY 


— In  the  design  of  conventionally  reinforced  concrete  beams,  it  is 
assumed  that  all  tensile  forces  are  carried  by  the  reinforcement.  When 
such  beams  are  subjected  to  their  normal  service  loads,  the  tensile 
stresses  within  the  concrete  exceed  the  tensile  strength  of  the  con- 
crete, and  cracks  occur  in  the  tensile  zones  of  the  beams.  These  cracks 
are  usually  very  fine  and  generally  do  not  represent  any  immediate  dan- 
ger to  the  structure.  However,  they  can  provide  a direct  access  to  the 
surface  of  the  conventional  (steel)  reinforcement  for  environmental  fac- 
tors that  may  initiate  corrosion  of  the  reinforcement  and  subsequent 
spalling  of  the  concrete  covers  As  a result,  a structure  can  become 
unsightly,  and,  unless  remedial  measures  are  taken,  it  may  become  un- 
safe. Therefore,  a definite  need  exists  for  improved  methods  of  arrest- 
ing or  preventing  undesired  flexural  cracking  within  the  tensile  zones 
of  conventionally  reinforced  concrete  beams.  _ 

The  available  literature  indicates  that  several  potential,  crack- 
arrest  techniques  are  currently  being  investigated.  These  include: 

(a)- fiber-reinforced  concrete,  (b)  wire  mesh,  and  (c)  epoxy-resin  con- 
crete. Unfortunately  most  of  these  techniques  are  or  have  been  studied 
with  only  plain  concrete  mixtures  and  not  in  conjunction  with  reinforced 
concrete.  Therefore,  ten  4-  by  9-  by  72-in.  and  six  5-  by  l4-  by  l80-in. 
specimens  (four  4-  by  9-  by  72-in.  and  two  9-  by  l4-  by  l80-in.  speci- 
mens we re  used  as  control  members),  each  using  a crack-arrest  technique 
that  indicated  promise  either  from  the  available  literature  or  from  pre- 
vious testing,  were  tested  under  either  short-  or  long-term  static  load- 
ing so  that  the  information  in  the  literature  could  be  supplemented  by 
results  of  tests  of  specimens  that  better  simulate  actual  structural  be- 
havior of  beams  in  service. 

The  principal  conclusions  of  the  investigation  are  as  follows : 

a.  Randomly  mixed  steel  fibers  incorporated  in  concrete  in  the 
amount  of  2.5  percent  by  volume  can  increase  the  precrack- 
ing load  over  that  of  conventionally  reinforced  concrete 
beams  by  an  amount  as  high  as  275  percent  in  smaller 
members. 

b.  Probably  due  to  the  difficulty  of  obtaining  a uniform  mix- 
ture as  fiber  length  versus  cross-sectional  area  increases, 
0.5- in. -long  fibers  will  produce  better  results  in  certain 
mixtures  than  will  1- in. -long  fibers. 
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Although  some  of  the  tests  of  the  larger  beams  indicated 
otherwise,  it  is  not  believed  that  steel  fibers  signifi- 
cantly increase  the  flexural  capacity  of  conventionally 
reinforced  beams.  In  fact,  as  soon  as  cracking  was  ini- 
tiated in  the  smaller  beams,  they  tended  to  react  as  sim- 
ilar conventionally  reinforced  beams. 

Properly  constructed  and  positioned  wire  cages  can  in- 
crease the  precracking  loads  of  flexural  members;  however, 
it  is  believed  that  their  greater  value  is  in  controlling 
or  reducing  the  cracks  once  cracking  is  initiated. 

Epoxy-resin  concrete  layers  provided  within  the  tensile 
zones  of  small  conventionally  reinforced  composite  beams 
can  increase  precracking  loads  by  as  much  as  300  percent 
over  those  of  conventionally  reinforced  concrete  beams. 
This  indicates  that  these  special  composite  beams  can  pro- 
vide a noncracking  cross  section  up  to  or  near  failure. 
However,  until  more  is  known  about  epoxy-resin  concrete 
mixtures  (creep,  shrinkage,  thermal  expansion,  sensitivity 
to  environmental  factors,  exothermic  characteristics, 
etc.),  composite  construction  cannot  be  recommended  for 
practical  use. 

The  size  of  cross  section,  length  of  member,  etc.  (pos- 
sibly due  partially  to  the  initiation  of  minute,  undetect- 
able cracking  during  handling),  mu/  influence  the  initial 
cracking  load  and  resulting  crack  pattern  as  much  as  the 
size  and  spacing  of  the  reinforcement;  therefo  . it  is 
believed  that  recommendations  regarding  crack-arrest  tech- 
niques should  be  based  on  results  of  tests  of  specimens 
that  are  more  nearly  equal  in  size  to  concrete  members 
found  in  actual  structures  and  not  on  results  of  tests 
of  small  or  essentially  model  specimens  that  have  gen- 
erally been  used  for  investigating  cracking  within  most 
conventionally  reinforced  concrete  members. 

Although  sustained  loading  does  not  appear  to  affect  the 
ultimate  loads  of  members  using  any  of  the  tentatively 
recommended  crack-arrest  techniques  (steel  fibers  in  the 
area  of  uniform  tension  only,  steel  fibers  throughout  the 
entire  cross  section,  and  properly  positioned  wire-mesh 
cages),  it  does  significantly  affect  crack  patterns. 
Therefore,  conclusions  regarding  the  effectiveness  of  any 
potential  technique  should  be  based  on  the  results  of  sus- 
tained testing  rather  than  on  the  results  of  standard 
short-term  tests  which  are  generally  conducted  on  such 
members . 

Neglecting  cos'* , placing  steel  fibers  throughout  the  en- 
tire cross  section  appears  to  be  the  best  technique.  How- 
ever, the  desired  results  may  be  obtained  with  either  of 
the  two  remaining  techniques.  Therefore,  economy  as  well 
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as  effectiveness  should  be  investigated  before  a technique 
is  recommended  for  practical  use. 

The  crack-arrest  techniques  examined  in  this  investigation 
can  be  concluded  to  reduce  maximum  crack  widths  by  27  to 
60  percent  of  those  expected  in  conventionally  reinforced 
members;  however,  it  is  emphasized  that  these  conclusions 
are  based  on  a limited  number  of  tests. 


PREFACE 


This  report  presents  the  results  of  a literature  study,  the  short- 
term staoi-  tests  of  fourteen  4-  by  9-  by  72-in.  simply  supported  beams, 
ten  of  which  used  a potential  crack-arrest  technique  in  addition  to  their 
conventional  reinforcement,  and  the  short-  and  long-term  static  tests 
of  eight  similar  but  larger  (5-  by  Ik-  by  180-in.)  beams,  six  of  which 
used  a crack-arrest  technique  which  had  exhibited  considerable  potential 
during  the  small -beam  investigation. 

This  investigation  was  authorized  by  letter  from  the  Office,  Chief 
of  Engineers,  U.  S.  Army,  to  the  Director  of  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  dated  10  April  1969,  subject:  Project 

Plan  for  Investigation  of  Crack-Arrest  Techniques  in  Reinforced  Concrete 
Structural  Elements  (ES  Item  026.3) . All  work  was  performed  at  the  Con- 
crete Laboratory,  WES , during  the  period  May  1969  through  August  1973 
under  the  direction  of  Messrs.  B.  Mather,  J.  M.  Polatty,  J.  E.  McDonald, 
D.  E,  Harrison,  and  F.  B.  Cox.  This  report  was  prepared  by  Mr.  Cox. 

Directors  of  WES  during  the  conduct  of  the  investigation  and  prep- 
aration and  publication  of  this  report  were  COL  L.  A.  Brown,  CE,  BG  E.  D. 
Peixotto,  CE,  and  COL  G.  H.  Hilt,  CE.  Technical  Director  was  Mr.  F.  R. 
Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Si) 
UNITS  0*  MEASUREMENT 


U.  S.  euastomary  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (Si)  units  as  follows: 


Multiply 

inches 

feet 

square  inches 

cubic  feet 

cubic  yards 

pounds  (mass) 

tons  (2000  lb-mass) 

pounds  (mass)  per  cubic  foot 

inch -pounds  (force) 

pounds  (force)  per  square  inch 

Fahrenheit  degrees 

revolutions  per  minute 


By 

25.4 

0.3048 

6.4516 

0.0283168 

0.764555 

0.45359237 

907.185 

16.0185 

0.112985 

0.06689476 

5/9 

0.016'  7 


To  Obtain 

millimetres 

metres 

square  centimetres 
cubic  metres 
cubic  metres 
kilograms 
kilograms 

kilograms  per  cubic  metre 

newton-metres 

megapascals 

Celsius  degrees  or  Kelvins* 
hertz 


* To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read- 
ings, use  the  following  formula:  C = ('5/9)0?  - 32)*  To  obtain  Kelvin 
(K)  readings,  use:  K = (5/9) (F  - 32)  + 273*15* 
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CRACK-ARREST  TECHNIQUES  IN  REINFORCED 


CONCRETE  STRUCTURAL  ELEMENTS 
LABORATORY  BESTS 

PART  I : INTRODUCTION 

Background 

1.  The  tensile  strength  of  concrete  is  approximately  one-tenth 
of  its  coinpressive  strength.  The  tensile  strain  at  which  concrete  gen- 
erally fails  is  well  below  the  strain  capacity  of  the  tensile  reinforce- 
ment that  is  provided  in  all  conventionally  reinforced  concrete  members. 
Thus,  under  normal  service  loads,  it  is  reasonable  to  assume  that  the 
tensile  zone  of  most  conventionally  reinforced  concrete  members  will  be 
cracked. 

2.  These  cracks  can  provide  direct  access  to  the  conventional 
(steel)  reinforcement  for  environmental  factors  resulting  in  corrosion 
of  the  reinforcement  and  subsequent  spalling  of  the  concrete  cover.  The 
spalling  of  the  concrete  cover  causes  unsightly  and  possibly  unsafe 
structures.  Therefore,  during  the  past  several  years,  considerable  em- 
phasis has  been  placed  on  determining  means  of  controlling  or  minimizing 
the  tensile  cracking  of  conventionally  reinforced  concrete  members. 

3.  Most  of  the  available  literature  indicates  that  laboratory  in- 
vestigations that  have  had  varying  degrees,  of  success  have  been  con- 
ducted on  controlling  or  minimizing  undesired  tensile  cracking  by  use 

1 2 

of  (a)  fiber-reinforced  concrete,  5 .(b)  various  sizes  and  types  of  re- 

O Ij.  C 

inforcing  bars,0’  (c)  various  percentages  of  tensile  reinforce- 
ment,  and  (d)  epoxy  or  polyester  resin  concrete*  in  the  tensile  zones 
of  composite  concrete  beams. ^ Unfortunately,  however,  most  of  the  lit- 
erature lacks  detailed  information  on  the  feasibility  of  minimizing  or 

* The  term  "resin  concrete"  is  applied  to  concretes  in  which  resin  in- 
stead of  Portland  cement  is  used  as  a binder  for  the  aggregate 
particles . 
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arresting  tensile  cracking  by  using  combinations  of  any  of  these  tech- 
niques (such  as  conventionally  reinforcing  a fiber-concrete  mixture). 
Therefore,  this  investigation  was  concerned  with  new  techniques  that 
previous  investigators  have  indicated  are  potentially  worthwhile  as 
well  as  with  further  evaluation  of  the  more  promising  techniques  pre- 
viously used. 


Objective  and  Scope 

4.  The  objective  of  this  investigation  was  to  determine  feasible 
techniques  for  limiting  the  size  and  spacing  of  reinforced  concrete  ten- 
sile (flexural)  cracks  to  such  magnitudes  that  the  danger  of  corrosion 
of  the  steel  reinforcement  is  minimized. 

5 . The  work  was  conducted  in  the  following  phases : 

a.  Phase  I.  A study  of  the  literature  was  made,  with  special 
emphasis  being  placed  on  the  various  materials  and  methods 
that  might  be  used  to  arrest  cracking  in  reinforced  con- 
crete members. 

b.  Phase  II.  Fourteen  4-  by  9-  by  72-in.*  beams  were  fabri- 
cated, ten  of  which  used  a separate  crack -arrest  technique 
that  was  indicated  effective  by  either  the  available  lit- 
erature or  by  previous  testing. 

c.  Phase  III.  Eight  larger  (5-  by  l4-  by  l80-in.)  beams,  in- 
cluding two  control  beams,  were  cast  so  t-nat  the  most 
promising  crack-arrest  techniques  indicated  during  Phase 
II  could  be  further  evaluated. 

d.  Phase  IV.  The  eight  beams  cast  during  Phase  III  were  then 
divided  into  two  similar  groups,  each  consisting  of  a con- 
ventionally reinforced  control  beam,  a conventionally  re- 
inforced beam  with  a l4-gage  (2.03  mm)  1-  by  1-in.  wire- 
mesh  cage  positioned  within  its  inner  84-in.  section,  a 
conventionally  reinforced  beam  with  0.5-in. -long  steel 

* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (Si)  units  is  presented  on  page  8. 


10 


fibers  (2.5  percent  by  volume)  added  throughout  its  en- 
tire cross  section,  and  a conventionally  reinforced  beam 
with  0.5-in. -long  steel  fibers  (2.5  percent  by  volume) 
added  to  its  lower  3^-in.  tensile  zone.  Group  1 beams 
were  tested  under  short-term  static  loading;  group  2 
beams  under  long-term  static  loading, 
e.  Phase  V.  Conclusions  were  then  drawn  regarding  the  ef- 
fectiveness of  each  technique  by  comparing  the  results 
of  all  tests. 

6.  Since  this  is  a continuing  investigation,  all  conclusions  and 
design  approaches  are  preliminary  and  may  be  revised  as  the  study  con- 
tinues and  new  results  become  available . 


11 


PART  II:  FABRICATION  AND  TESTING  PROGRAM  OF  SMALL  BEAMS 


7.  Fourteen  (four  control  and  ten  using  various  crack-arrest 
techniques)  4-  by  9-  by  72-in.  beams  were  cast  and  tested  to  investigate 
the  most  promising  methods  for  arresting  or  minimizing  flexural  crack- 
ing of  reinforced  concrete  structural  elements. 

Concrete  Materials  and  Mixture  Proportions 


Plain  concrete  mixture 

8.  The  materials  used  in  the  plain  concrete  mixture  were  type  II 
Portland  cement  (RC-622)  manufactured  in  Alabama  and  crushed  limestone 
(coarse  and  fine)  aggregate  from  Tennessee  (CKD-G-3l(7),  CRD-MS-17 (3 ) ) • 
9-  A concrete  mixture  (table  l)  was  proportioned  with  a 3/8-in. 
maximum-size  aggregate  to  have  a slump  of  2 v 1/2  in.  and  a 28-day  com- 
pressive strength  of  3000  psi.  The  resulting  compressive  and  tensile 
strengths  of  the  various  batches  of  concrete  are  presented  in  table  2, 
and  the  compressive  stress-strain  characteristics  are  given  in  plate  1. 
Fiber-reinforced  concrete  mixture 

10.  The  procedure  for  obtaining  a uniform  fiber-concrete  mixture 
was  as  follows : 

a.  The  conventional  concrete  mixture  described  above  was 
mixed  in  a 4-cu-f t-capacity  rotary  mixer  by  the  normal 
procedure . 

b.  The  steel  fibers  (CRD-S-F-(l), (2))  were  separated  (fibers 
had  previously  settled  into  a tight  ball  due  to  shipping 
and  previous  handling)  and  placed  into  the  regular  con- 
crete mixture  in  small  quantitier . This  procedure  en- 
sured a uniformly  distributed  mixture  with  a minimum  of 
addi “"i onal  mixing  time. 

11 . The  compressive  stress-strain  characteristics  and  the  tensile 
and  compressive  strengths  of  the  individual  batches  are  shown  in  plate  1 
and  table  3?  respectively.  Structural  properties  of  the  steel  fibers 
used  are  given  in  table  4. 
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Epoxy-rosin  concrete  mixture 

7 

12.  Due  to  its  known  qualities  and  availability,  a two-component 
polysulfide  epoxy  conpound  (EP-WES-B-IO)  meeting  CRD-C  590-65  standards 

g 

(Federal  Specification  MM-G-650a)  was  selected  as  the  binder  for  the 
aggregate  used  in  fabricating  the  resin-concrete  mixture  used  through- 
out this  investigation. 

g 

13.  Previous  testing  by  Geymayer  indicated  that  a continuously 
graded,  dry,  clean,  siliceous  sand,  fine  aggregate  (WES-1-S(4)47) 

(table  5)  with  a 14  percent  resin  content  generally  produced  the  most 
economical  mixture,  as  well  as  the  best  strength  properties.  Therefore, 
this  particular  mixture  was  selected  for  use  during  this  investigation. 
Each  individual  epoxy-resin  concrete  mixture  was  initially  mixed  in  a 
1-cu-ft-capacity  vertical  mixer  and  then  given  additional  hand-mixing. 

14.  Following  this  particular  design  and  mixing  procedure  re- 
sulted in  the  epoxy-resin  concrete  strengths  and  conpressive  stress- 
strain  characteristics  shown  in  table  6 and  plate  1,  respectively. 

Fabrication  and  Curing  of  Concrete  Specimens 

Plain,, plain  plus  fiber,  and 
plain  plus  wire  mesh  specimens 

15.  Steel  forms  were  used  for  casting  all  beams.  The  concrete 
for  all  beams  and  strips  (layers)  except  the  epoxy-resin  concrete  strips 
was  consolidated  in  thin  layers  by  a small  electric  vibrator  with  a fre- 
quency of  7000  rpm.  3h  addition,  the  beams  and  strips  were  then  placed 
on  a vibrating  table  and  vibrated  briefly. 

16.  All  beams,  strips,  and  associated  cylinders  (except  the  epoxy- 
resin concrete  cylinders  and  the  conposite  beams  consisting  of  strips  or 
layers  of  epoxy  resin  and  plain  concrete  within  their  tensile  and  com- 
pressive zones,  respectively)  were  finished  with  a wooden  float,  covered 
with  waterproof  paper,  stripped  at  a 48-hr  age,  and  then  moist-cured  for 
an  additional  12  days.  After  the  moist-curing .period,  the  specimens 
were  allowed  to  cure  under  room  conditions,  approximately  73  + 2 F and 

50  to  60  percent  relative  humidity,  until  their  test  date. 
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Epoxy-resin  concrete  specimens 

17.  The  plain  concrete  for  the  epoxy-resin  concrete  composite 
beams  was  cast  in  an  inverted  position,  moist-cured  in  its  forms  for 
14  days,  and  then  cured  under  room  conditions,  approximately  73  + 2 F 
and  50  to  60  percent  relative  humidity,  for  an  additional  7 days.  Pre- 
ceding the  application  of  the  resin-concrete  layers  at  the  21-day  age, 
all  concrete  and.  reinforcement  surfaces  to  be  in  contact  with  the  epoxy- 
resin concrete  were  sandblasted  and  then  painted  with  the  epoxy.  Fi- 
nally, the  epoxy-resin  concrete  was  placed  in  thin  layers  and  compacted 
with  both  mechanical  tampers  and  tamping  rods.  The  beams  were  then  al- 
lowed to  cure  lander  the  room  conditions  described  above  until  their  test 
date. 


Beam  Test  Methods 


18.  All  small  beams  were  simply  supported  and  tested  to  failure 
in  an  inverted  position  (fig.  l)  by  third -point  static  loading.  Each 


Typical  arrangement  used  for  testing  beams 


lit 


Fig.  1. 


beam  was  supported  at  its  third-points  by  a half  rocker  system  (load  and 
support  reactions  were  distributed  to  each  beam  by  1/8-  by  1-in.  pads 
placed  between  the  concrete  and  steel  rollers),  with  loads  being  placed 
by  a combination  of  a hydraulic  system  and  two  20-ton-capacity  jacks 
that  were  positioned  to  provide  a clear  span  of  6 ft  for  each  test  spec- 
imen. A control  panel,  a load  cell,  a displacement  transducer,  and  an 
x-y  recorder  (fig.  l)  were  used  to  measure  the  loads  and  to  obtain  a 
continuous  load  versus  end-span  deflection  plot  for  each  beam.  Midspan 
deflections,  as  well  as  verifications  of  end-span  deflections,  were  made 
with  three  1-in.  travel  length  dial  gages  positioned  as  shown  in  fig.  1. 

19.  Total  loads  were  applied  in  500-  to  1000-lb  increments. 

After  the  application  of  each  increment,  readings  of  beam  strains,  de- 
flections, and  crack  widths  were  made,  and  observations  of  other  be- 
havior were  noted.  The  loads  were  completely  removed  at  least  twice 
during  most  of  the  tests  so  that  inelastic  deflections  could  be  checked 
for  each  beam  prior  to  continuation  of  loading. 

20.  Concrete  strains  were  measured  by  (a)  a 2-in.  mechanical 
strain  gage  using  Demec  standard  measuring  disks  located  at  previously 
designated  points  (fig.  2)  and  (b)  by  SR-4  electrical  strain  gages 
placed  at  the  midspan  of  both  the  conventional  tensile  reinforcement  and 
the  compressive,  top,  face  of  the  beam. 
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Fig.  2.  Locations  of  Demec  standard  measuring  disks 
along  tensile  face  of  beam 

21.  All  cracks  were  marked  and  measured  as  they  occurred.  They 
were  measured  using  a special  electrically  illuminated  40X  microscope 
and  the  Demec  disks. 


Beam  Test  Results 


22.  The  behavior  of  individual  beams  and  the  principal  results 
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of  individual  tests  are  summarized  in  tables  7-20  and  plates  2-13.  The 
beams  are  described  briefly  as  follows. 

Group  1 

23*  Group  1 consisted  of  three  beams,  one  of  which  was  used  as 
a control  specimen.  The  control  beam  (beam  l)  was  reinforced  for  flex- 
ure to  approximately  55  percent  of  a balanced  design  (P,  ) according  to 

q ® 

the  ACI  Code^  by  using  two  No.  4 high-strength  (grade  6o)  reinforcing 

bars  as  the  tensile  reinforcement  (fig.  3)*  The  shear  requirement  of 

the  Code^  was  satisfied  by  using  No.  2 vertical  stirrups  (fig.  4)  on 

4-in.  centers  throughout  the  sections  of  the  beam  requiring  shear 

reinforcement . 

24.  The  two  remaining  beams  (2  and  3)  of  group  1 used  the  same 
plain  concrete  mixture  and  conventional  reinforcement  as  described  for 
the  control  beam;  however,  the  concrete  mixtures  for  beams  2 and  3 were 
additionally  reinforced  with  2.5  percent  (by  volume)  steel  fibers  of 
0.5-  and  1.0-in.  lengths,  respectively,  'information  on  properties  of 
the  fibers  is  given  in  table  4. 

25.  Test  results  for  beam  1 are  given  in  table  7,  photo  1,  and 
plates  2,  6,  and  10  and  are  discussed  briefly  below: 

a.  A total  load  of  2000  lb  resulted  in  the  tensile  zone  of 
the  concrete  being  strained  to  such  a degree  that  a hair- 
line crack  appeared  on  the  tensile  face  of  the  beam.  The 
average  tensile  reinforcement  and  tensile  face  concrete 
strains  were  215  and  220  millionths,  respectively.  How- 
ever, a load  of  2500  lb,  resulting  in  average  tensile 
reinforcement  and  concrete  tensile  strains  of  260  and 
300  millionths,  respectively,  was  required  before  the 
first  cracks,  which  had  a maximum  width  of  0.0015  in. 
and  a maximum  depth  of  1.15  in.,  were  of  such  a depth 
that  they  could  be  marked  and  photographed.  Prom  this 
load  level,  the  strains  and  resulting  cracks  continued 
to  grow  at  an  increasing  rate  until  they  reached  the 
magnitudes  of  1790  millionths,  strain  in  tensile  rein- 
forcement; 2040  millionths,  strain  at  tensile  face  of 
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concrete ; 0.0040  to  0.0055  in.,  width  of  crack;  and  5.20 
in.,  depth  of  crack,  at  a load  level  of  12,500  lb.  The 
load-carrying  capabilities  of  the  beam  then  began  to 
change  rather  rapidly,  with  a flexural  compressive  fail- 
ure occurring  at  a total  load  of  13,4-50  lb.  The  termi- 
nology is  in  accordance  with  Bjuggren.10 

b.  A midspan  deflection  of  O.589  in.  was  recorded  just  prior 
to  failure.  This  represents  a deflection  ratio  of  ap- 
proximately ii/122. 

c.  Kie  failure  moment  of  162,539  in. -lb,  including  weight 
of  beam,  was  approximately  5*2  percent  higher  than  the 
154, 495-in. -lb  moment  predicted  by  the  ACI  Code.^  This 
shows,  as  suspected,  a rather  close  agreement  between 
the  calculated  and  measured  moments . 

26.  Test  results  for  beam  2 are  shown  in  table  8,  photo  2,  and 
plates  2,  6,  and  10  and  are  discussed  below: 

a.  The  first  tensile  strains,  520  millionths  for  tensile  re- 
inforcement and  6l0  millionths  for  the  tensile  face  of 
the  beam,  which  resulted  in  hairline  cracks,  maximum 
width  0.0018  in.,  on  the  tensile  face  of  the  beam,  oc- 
curred at  a total  load  of  5500  lb.  However,  a load  of 
6000  lb  was  required  before  the  strains,  710  and  6l0  mil- 
lionths for  the  tensile  face  and  reinforcement,  respec- 
tively, reached  such  a magnitude  that  the  depth,  0.34  in., 
of  the  resulting  cracks,  width  0.002  in.,  was  sufficient 
for  marking  and  photographing.  Thereafter,  the  tensile 
strains  and  cracks  continued  to  grow  rather  uniformly 
under  the  increasing  test  loads  until  their  maximum 
measurable  dimensions  of  ( l)  2040  millionths  for  the 
tensile  reinforcement,  (2)  2270  millionths  for  the  ten- 
sile face  of  beam,  (3)  0.0045  to  0.0053  in.  for  width  of 
major  crack,  and  (4)  4.05  in.  for  the  depth  of  the  major 
crack,  were  reached  under  a total  load  of  13,000  lb.  A 
flexural  compressive  failure  then  occurred  under  a 
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slightly  higher  load  of  13 > 700  lb.  Further  examinations 
of  the  photographs  taken  immediately  after  the  failures 
of  learns  1 and  2 (photos  Ij  and  2i)  revealed,  as  sus- 
pected, that  more  but  generally  smaller  cracks  occurred 
within  the  outer  tensile  zone  of  beam  2.  However,  the 
major  crack  width  was  essentially  the  same  as  for  beam  1, 
and  the  crack  depth  was  slightly  less. 

b.  A total  midspan  deflection  of  0.251  in.  was  measured  just 
prior  to  failure.  This  represents  a deflection  ratio  of 
approximately  L/287,  which  was  a considerable  improvement 
over  that  for  beam  1. 

c.  The  failure  moment  for  beam  2 was  165,539  in. -lb.  This 
was  only  a slight  increase  over  the  152, 539- in. -lb  moment 
required  to  fail  beam  1. 

27.  Test  results  for  beam  3 are  shown  in  table  9,  photo  3 5 and 
plates  2,  6,  and  10  and  are  discussed  below: 

a.  Initial  hairline  cracking,  maximum  width  of  0.0015  in., 
depth  was  not  measurable,  was  observed  at  a total  load  of 
. 4000  lb,  or  approximately  2.00  and  0.73  times  the  loads 

required  to  initiate  cracking  in  beams  1 and  2,  respec- 
tively. At  the  ^500-lb  load  level,  strains,  425  mil- 
lionths for  tensile  reinforcement  and  465  millionths  for 
tensile  face  of  beam,  were  sufficient  to  produce  crack- 
ing, width  of  0.0010  to  0.0019  in.  and  depth  of  0.95  in., 
with  depths  of  the  magnitudes  required  for  proper  side 
marking  and  photographing.  As  in  beam  2,  there  was  a 
rather  uniform  growth  of  the  strains  and  resulting  cracks 
from  this  point  until  they  reached  their  maximum  measur- 
able values  of  2000  millionths  for  the  strain  of  the  ten- 
sile reinforcement,  2350  millionths  for  the  strain  on  the 
tensile  face  of  the  beam,  0.0050  to  0.0088  in.  for  the 
maximum  crack  width,  and  4.38  in.  for  the  maximum  crack 
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slightly  below*  its  ulti- 


mate load-carrying  capacity  of  14,520  lb.  Again,  as  in 
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the  previous  tests,  the  photos  (photo  3b)  show  that  the 
beam  failed  in  a flexural  compressive  mode,  with  the 
final  crack  pattern  of  its  tensile  face  showing  more  and 
smaller  cracks  when  compared  with  beam  1,  but  fewer  and 
larger  cracks  when  compared  with  beam  2.  ibis,  along 
with  other  test  results,^"  indicates  that  a conventionally 
reinforced  concrete  beam  with  l/2-in.-long  steel  fibers 
added  to  its  prescribed  mixture  (table  l)  may  be  superior 
to~  a like  member  using  1- in. -long  steel  fibers  when 
only  crack-arrest  techniques  for  static  loading  are 
considered. 

b.  The  failure  moment  for  beam  3 was  175,379  in. -lb,  which 
was  slightly  greater  than  the  failure  moments  for  beams  1 
and  2. 

c.  A total  midspan  deflection,  of  O.308  in.  was  measure^'  just 
prior  to  failure.  This  represents  a deflection  ratio  of 
approximately  L/234,  which  is  in  close  agreement  with  the 
ratio  found  for  beam  2. 

Group  2 

28.  This  group  consisted  of  (a)  wearn  4,  a conventionally  rein- 
forced control  beam  that  was  similar  to  beam  1;  (b)  beam  5,  which  was 
similar  to  beam  4 except  that  (l)  the  number  of  conventional  stirrups 
was  reduced,  and  (2)  a 3"  by  8-  by  36-in.  wire-mesh  cage,  fabricated 
from  No.  14  gage  (2.03  mm) , 1-  by  1-in.  galvanized  wire  mesh,  was  used 
as  a potential  crack  arrester  throughout  the  inner  36-in.  section  of 
the  beam  (fig.  5)>  (c)  beam  6,  a beam  maintaining  reinforcement  iden- 
tical with  that  of  beams  1 and  4,  but  its  lower  1-1/2  in.  consisted  of 
epoxy -resin  concrete;  and  (d)  beam  7,  a beam  similar  to  beam  6 with  the 
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Fig.  5*  Reinforcement  for  beam  5 (reinforcement 
is  in  as -cast  position) 
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only  difference  being  the  depth  of  the  epoxy-resin  concrete,  which  was 
3 in. 

29*  Test  results  for  beam  4 are  shown  in  table  10,  photo  4,  and 
plates  3,  7,  and  11  and  are  discussed  briefly  below: 

a.  Average  tensile  reinforcement  and  tensile  concrete 
strains  at  the  tensile  face  of  305  and  310  millionths, 
respectively,  produced  the  first  noticeable  cracking, 
0.0015-in.  maximum -width,  2.76-in.  maximum  depth,  at  a 
total  load  of  2500  lb.  When  compared  with  control  beam  1, 
this  represented  a slight  increase  in  the  initial  crack- 
ing load,  although  table  2 shows  a considerable  decrease 
in  the  ultimate  compressive  strength  of  the  concrete  used 
in  fabricating  beam  4.  This  particular  situation  further 
indicates  the  inability  of  predicting  the  tensile  strength 
of  concrete.  Also,  as  in  most  previous  testing,  there 
was  a rather  uniform  growth  in  the  initial  strains  and 
resulting  crack  patterns  for  the  next  several  loading 
levels,  with  the  largest  changes  of  1775  to  2190  mil- 
lionths, strain  of  tensile  reinforcement,  2220  to  2640 
millionths,  average  strain  on  tensile  face  of  beam 
O.OO65-O.OO9O  in.  to  0.0180-0.0125  in.,  maximum  crack 
widths:  and  4.62  to  4.63  in.  maximum  crack  depths  occur- 
ring between  the  11,000-  and  12,000-lb  levels,  A flex- 
ural compressive  failure  then  occurred  at  a slightly 
higher  load  of  12,700  lb. 

b.  A midspan  deflection  of  0.319  in.  occurred  just  prior  to 
failure.  This  represents  a deflection  ratio  of  approxi- 
mately L/226,  which  is  a considerable  improvement  over 
the  deflection  ratio  of  approximately  L/122  found  for 
comparable  beam  1. 

c.  The  failure  moment  of  153 >539  in. -lb  was  approximately 

5.5  percent  higher  than  the  145, 505-in. -lb  moment  pre- 
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dieted  by  the  ACI  Code.  As  with  beam  1,  there  was 
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rather  close  agreement  between  the  predicted  and  tested 
failure  moments. 

30.  As  previously  mentioned,  a 3-  by  8-  by  36-in.  galvanized  wire- 
mesh  cage,  1-  by  1-in.  squares  (fig.  5)  was  placed  in  the  inner  36-in. 
section  of  beam  5.  This  potential  crack-arrest  technique  was  selected 
because  some  of  the  literature, j^icated  that  the  type,  size, 
and  spacing  of  the  reinforcement  can  considerably  alter  the  resulting 
cracking  patterns  of  reinforced  concrete  structural  members. 

31.  Test  results  for  beam  5 are  shown  in  table  11,  photo  5,  and 
plates  3,  7,  and  11  and  are  discussed  briefly  below: 

a.  A load  of  4000  lb  was  required  to  initiate  the  cracking 
of  the  beam;  however,  the  strains,  335  millionths  for 
tensile  reinforcement  and  440  millionths  for  average 
strain  of  tensile  face  of  beam,  were  of  such  a magnitude 
that  a resulting  crack  (photo  5b)  opened  to  a maximum 
width  of  0.001  to  0.0013  in.  and  penetrated  to  within 
5 in.  of  the  beam’s  compressive  face.  From  this  load 
level,  the  number  of  cracks  began  to  increase  rather  rap- 
idly, with  most  of  the  cracks  forming  and  following  a 
line  just  outside  the  vertical  wires  of  the  cage.  Al- 
though most  of  the  cracks  did  form  as  previously  men- 
tioned, just  outside  the  vertical  wires  of  the  cage, 
strains  of  1305  and  1720  millionths  for  the  tensile  rein- 
forcement and  face  of  the  beam,  respectively,  produced  a 
flexural  shear  crack10  of  significant  magnitude,  0.002  to 
0.0049  in.  in  maximum  width  and  4.74  in.  in  depth,  at  the 
10,000-lb  load  level  (photo  5s)*  Ibis  would  indicate 
that  the  cage  should  not  be  designed  and  used  as  a 
replacement  for  conventional  shear  reinforcement;  how- 
ever, this,  or  the  flexural  shear  cracks  that  formed  dur- 
ing the  later  test  stages,  did  not  appear  to  affect  the 
flexural  compressive  failure  of  the  beam,  which  occurred 
at  a total  load  of  14,800  lb.  A study  of  tables  7 
through  20  shows  that  the  maximum  widths,  0.003  to 
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0.0068  in.,  of  beam  5's  cracks  were  smaller  than  those  of 
any  other  beam  just  prior  to  failure.  This  is  also  re- 
vealed by  the  final  crack  pattern  of  beam  5’s  tensile 
fac  _ (photo  5k). 

b.  A midspan  deflection  of  O.306  in.  occurred  just  prior  to 
failure.  This  is  a deflection  ratio  of  approximately 
L/235,  which  is  approximately  the  same  as  that  for  other 
previously  tested  beams  with  nearly  equal  load-carrying 
capabilities . 

c.  The  failure  moment  of  178,-739  in. -lb  was  considerably 
higher  than-  that  of  control  beam  4 (153,539  in. -lb). 

g 

32.  Geymayer  concluded  that  a composite  beam  consisting  of  con- 
ventional concrete  and  epoxy-resin  concrete  within  its  compressive  and 
tensile  zones,  respectively,  would  considerably  increase  the  beam’s 
initial  cracking  load.  Therefore,  beam  6,  which  was  similar  to  control 
beam  4 except  that  the  bottom  1-1/2  in.  was  fabricated  with  an  epoxy- 
resin concrete,  was  fabricated  and  tested  to  further  evaluate  this 
conclusion. 

33.  Test  results  for  beam  6 are  shown  in  table  12,  photo  6,  and 
plates  3;  7,  and  11  and  are  discussed  briefly  below: 

a.  The  first  cracking  occurred  at  a total  load  of  5000  lb. 
One  crack  was  of  such  a magnitude,  0.002  in.  wide  and 
2 in.  deep,  that  the  entire  epoxy -resin  layer  was  pene- 
trated. From  this  point,  the  sizes  of  the  strains  and 
cracks  grew  rather  rapidly  as  the  loads  were  increased, 
with  measurements  of  1355  millionths , 1100  millionths, 
0.010  to  0.0113  in.,  and  3*90  in.  being  noted,  respec- 
tively, for  the  tensile  reinforcement  strain,  average 
maximum  tensile  strain  over  the  middle  one -third  section 
of  the  epoxy-resin  concrete  layer,  maximum  widths  of  the 
cracks,  and  maximum  depths  of  the  cracks,  at  the  8000-lb 
load  level.  Strains  of  2320  milli.onths  in  the  tensile 
reinforcement  and  2570  millionths,  average  maximum  ten- 
sile strain  of  epoxy-resin  concrete,  were  noted  at  the 
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11,000-lb  load  level.  This  resulted  in  the  larger  cracks 
opening  up  to  maximum  widths  and  depths  of  0.0433  to 
0.045  and  4.60  in.,  respectively,  which  were  greater  than 
any  crack  widths  found  for  any  previously  tested  beam. 

A flexural  compressive  failure  occurred  at  a slightly 
higher  load  of  12,000  lb. 

b.  A midspan  deflection  of  0.274  ir.  occurred  just  prior  to 
failure.  This  represents  a deflection  ratio  of  L/262, 
which  is  about  the  same  as  that  for  control  beam  4. 

c.  The  failure  moment,  145,139  in. -lb,  was  approximately 
95  percent  of  the  failure  moment  for  the  control  beam, 

153,539  in. -lb. 

34.  A comparison  of  the  test  results  for  beam  4,  the  control 
beam,  and  beam  6 indicated  that  the  load  required  to  initiate  flexural 
cracking  was  increased  fran  2500  to  5000  lb  by  the  l-l/2-in.  layer  of 
epoxy-resin  concrete.  Therefore,  beam  7 was  fabricated  with  a 3-in. 
layer  of  epoxy-resin  concrete  within  its  tensile  zone  to  further  inves- 
tigate this  premising  crack-arrest  technique. 

35*  Test  results  for  beam  7 are  shown  in  table  13,  photo  7,  and 
plates  3,  7,  and  11  and  are  discussed  briefly  as  follows: 

a.  Initial  cracking  occurred  at  a total  load  of  6000  lb.  As 
with  beam  6,  the  cracks  were  of  such  a magnitude,  0.008- 
in.  maximum  width  and  3 • 32-in.  depth,  that  the  entire 
layer  of  epoxy-resin  concrete  was  penetrated.  Although 
the  strains  changed  considerably,  305  to  1820  millionths 
for  the  tensile  reinforcement  and  360  to  i960  millionths 
for  the  outer  tensile  face  of  the  epoxy-resin  concrete, 
from  the  6,000-  to  the  11, 000- lb  load  level,  there  was  a 
somewhat  lesser  change,  0.008  to  0.017  in.  for  the  maxi- 
mum crack  widths  and  3*32  to  5*22  in.  for  the  crack 
depths,  in  the  corresponding  crack  pattern.  Therefore, 
due  to  this  particular  situation,  as  well  as  the  failure 
of  the  beam  at  the  next  loading  increment,  12,000  lb,  it 
is  emphasized  that  the  test  results  indicate  thau  more 
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important  than  their  influence  on  strength  is  the  ability 
of  resin-concrete  layers  to  provide  a noncracking  mois- 
ture barrier  or  corrosio.i  protection  for  beams  under 
their  normal  service  loads. 

b.  A midspan  deflection  of  0.216  occurred  at  the  11,000-lb 
load  level,  which  was  just  prior  to  failure.  This  de- 
flection ratio  of  L/333  shows  a considerable  improvement 
over  the  L/262  ratio  found  for  beam  6 and  tends  to  in- 
dicate that  the  thicker  epoxy-resin  concrete  layers  may 
provide  higher  precracking  loads. 

c.  The  ultimate  tested  moment  of  1^5,139  in. -lb  wa  s the  same 
as  that  found  for  beam  6 and  approximately  95  percent  of 
that  found  for  the  control  beam. 

Group  3 

36.  The  beams  of  this  group  consisted  of  (a)  beam  8,  which  was 
similar  to  beams  1 and  k and  was  used  as  the  control  beam  for  group  3 5 
(b)  beam  9j  which  was  similar  to  beam  8 except  that  it  had  a double 
layer  of  wire  mesh  attached  to  its  outer  surface  of  tensile  reinforce- 
ment (fig.  6) j and  (c)  beam  10,  which  was  similar  to  beam  5 of  the 
second  group  except  that  the  vertical  wires  of  the  1-  by  1-in.  mesh- cage 
were  clipped  (fig.  7)  throughout  the  middle  one -third  section  of  the 
beam,  so  that,  in  effect,  they  had  been  removed. 


Fig.  6.  Reinforcement  for  beam  9 (reinforcement 
is  in  as-tested  position) 


■ ' 

Fig.  7 • Reinforcement  for  beam  10  (reinforcement 
is  in  as -cast  position) 
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37.  Test  results  for  beam  8 are  shown  in  table  14,  photo  8,  and 
plates  4,  8,  and  12  and  are  discussed  briefly  as  follows: 

a.  initial  cracking  occurred  at  a total  load  of  2500  lb, 
which  was  the  same  load  required  to  initiate  the  cracking 
of  the  control  beam,  beam  4,  of  group  2.  However,  table 
14  shews  that  at  this  load,  the  strains,  160  millionths 
in  the  tensile  reinforcement  and  245  millionths  in  the 
concrete  at  tensile  face  of  beam,  and  resulting  cracks, 
0.0005  to  0.0011  in.  wide  and  1.15  in.  deep,  were  con- 
siderably less  than  those  found  for  beam  4.  At  the 
8000-lb  load  level,  the  strains  of  the  tensile  reinforce- 
ment and  tensile  face  of  the  beam  had  increased  to  1295 
and  1565  millionths,  respectively,  which  resulted  in  the 
cracks  opening  to  a maximum  width  of  0.0045  to  O.OO56  in. 
The  crack  depth  was  4.6  in.  at  this  particular  load  level 
and  remained  near  this  depth  until  just  before  the  fail- 
ure load  of  11,000  lb  was  reached.  Photo  8 l shows  that 
the  beam  failed  in  a flexural  compressive  mode,  which  is 
the  mode  of  failure  that  would  be  suspected  for  all  sim- 
ilar underreinforced  beams. 

b.  A midspan  deflection  of  0.269  in.  occurred  just  prior  to 
failure,  This  represents  a deflection  ratio  of  approxi- 
mately L/268,  which  is  a considerable  change  from  the  de- 
flection ratios  found  for  control  beams  1 and  4 of  groups 
1 and  2.  However,  this  can  be  partially  explained  by 
beam  8's  rather  low  failure  load  of  11,000  lb. 

c.  The  failure  moment  of  133 3 139  in. -lb  is  approximately 

92  percent  of  the  144, 950-in. -lb  moment  predicted  using 
9 

the  ACI  Code.  This,  again,  indicates  that  the  beam 
failed  at  a moment  (load)  slightly  less  than  would  gen- 
erally be  expected  for  such  members. 

38.  One  technique  previously  used  in  attempting  to  control  the 
cracking  of  reinforced  concrete  beams  was  to  provide  a wire-mesh 
cage  (fig.  5)  throughout  the  section  of  a beam  (beam  5)  where  the 
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probability  of  cracking  was  the  greatest;  however,  it  was  found  that  the 
flexural  cracks  generally  followed  a line  just  outside  the  vertical 
wires  of  the  cage.  Therefore,  beam  9,  fabricated  with  a double  layer  of 
the  same  1-  by  1-in.  wire  mesh  attached  to  its  conventional  tensile  re- 
inforcement (fig.  6),  was  the  first  attempt  to  improve  the  technique 
used  in  beam  5* 

39*  Test  results  for  beam  9 are  shown  in  table  15 , photo  9>  and 
plates  4,  8,  and  12  and  are  discussed  briefly  as  follows : 

a.  Average  tensile  strains  of  105  millionths  for  the  con- 
ventional tensile  reinforcement  and  X80  millionths  for 
the  tensile  face  of  the  beam  resulted  in  the  initial 
cracking  of  the  beam  at  a total  load  of  2500  lb,  which 
was  the  same  load  required  to  initiate  the  cracking  of 
the  control  beam  (beam  8).  Also,  table  15  reveals  that 
these  cracks  were  of  about  the  same  magnitude  (0.0007  to 
0.0010  in.  wide  and  1.67  in.  deep),  if  not  slightly 
greater,  than  those  found  for  the  control  beam.  A com- 
parison of  tables  14  and  15  indicates  that  at  correspond- 
ing loads  the  dimensions  of  the  strains  and  resulting 
cracks  of  beam  9 were  nearly  the  same  as  those  for  beam 
8.  Although  each  beam  failed  in  the  same  flexural  com- 
pressive mode,  a somewhat  higher  load  of  13,000  lb  was 
reached  before  beam  9 failed.  This  increased  failure 
load  was  attributed  to  the  double  layer  of  wire  mesh  pro- 
viding additional  flexural  reinforcement. 

b.  A midspan  deflection  of  0.294  in.  was  reached  jirst  as  the 
load  level  reached  13,000  lb;  however,  this  load  resulted 
in  the  tensile  reinforcement  yielding,  and  a larger  de- 
flection of  0.408  in.  was  recorded  at  this  same  load 
level  just  prior  to  failure.  The  0.294-in.  deflection 
represents  a deflection  ratio  of  approximately  L/245, 
which  is  about  what  should  be  expected  for  conventionally 
reinforced  beams  subjected  to  test  loads  within  the 

13 , 000*lb  range. 
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c.  The  failure  moment  of  157 >139  in. -lb  represented  a moment 
increase  of  24,000  in. -lb  over  that  of  the  control  beam 
(beam  8).  Again,  this  is  attributed  to  the  double  layer 
of  wire  mesh  providing  additional  flexural  reinforcement. 

40.  Beam  10,  using  a 6-  by  8-  by  38-in.  wire-mesh  cage  similar 

to  that  described  for  beam  5>  except  that  the  vertical  wires  were  clipped 
(removed)  throughout  its  inner  24-in.  section  (fig.  7)>  was  the  third 
attempt  (beams  5 and  9 were  the  first  and  second,  respectively)  to  employ 
wire  mesh  as  an  effective  flexural  crack  arrester  for  reinforced  concrete 
members . 

41.  Test  results  for  beam  10  are  shown  in  table  l6,  photo  10,  and 
plates  4,  8,  and  12  and  are  discussed  briefly  as  follows: 

a.  Strains  of  250  and  315  millionths  for  the  conventional 
tensile  reinforcement  and  the  tensile  face  of  the  beam, 
respectively,  resulted  in  the  beam  cracking  (0.0005  to 
0.0011  in.  wide,  0.55  in.  deep)  at  a total  load  of 
3500  lb.  This  represents  a decrease  of  500  lb  frcm  the 
initial  cracking  load  for  beam  5 (a  similar  beam)  and  an 
increase  of  1000  lb  over  the  initial  cracking  load  of 
beam  8 (control  beam)  and  beam  9 (beam  with  double  layer 
of  wire  mesh  attached  to  the  outer  surface  of  its  conven- 
tional tensile  reinforcement).  However,  a comparison  of 
tables  11,  14,  15,  and  16  indicates,  as  suspected,  some- 
what higher  degrees  of  differences  between  the  correspond- 
ing strains  of  beams  5>  8,  9>  and  10  under  the  initial 
cracking  load  levels.  Table  16  shows  a rather  uniform 
growth  in  both  the  strains  and  cracks  between  beam  10' s 
initial  cracking  load  of  3500  lb  and  the  10,000-lb  load 
level,  and  then  an  increasing  growth  (between  load  lev- 
els) in  both  strains  and  cracks  until  they  reach  magni- 
tudes of  (l)  1840  millionths  for  the  strains  of  the  con- 
ventional reinforcement,  (2)  2485  millionths  for  the 
strains  on  the  tensile  face  of  beam,  (3)  0.0025  to 
0.0079  in.  for  the  maximum  crack  widths,  and  (4)  4.90  in. 
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for  the  crack  depths  at  the  l4, OOO-lb  load  level.  The 
beam  then  experienced  a flexural  compressive  failure 
(photo  lOo)  at  the  15 , OOO-lb  load  level.  However,  table 
1 6 indicates  that  the  yielding  of  the  reinforcement  was 
of  such  a degree  that  the  beam  could  not  sustain  the  load 
nor  produce  any  useful  data  (readings);  therefore,  for 
all  practical  purposes,  the  failure  of  the  beam  occurred 
before  the  15,000-lb  load  level  was  reached. 

b.  A midspan  deflection  of  0.267  in.  occurred  just  prior  to 
failure.  This  represents  a deflection  ratio  of  approxi- 
mately L/270,  which  is  an  improvement  over  the  ratios 
found  for  the  other  beams  of  this  group,  although  beams  8 
and  9 failed  under  lower  loads. 

c.  Die  failure  moment  of  181,139  in. -lb  represents  an  in- 
crease over  the  failure  moment  of  any  of  the  comparable 
beams  (beams  5,  8,  and  9)  5 however,  it  is  again  empha- 
sized that  for  all  practical  purposes,  beam  10  actually 
failed  between  169,139  in. -lb  and  the  recorded  failure 
moment  of  181,13'  in. -lb. 

Group  4 

42.  Group  4 consisted  of  four  beams  (beams  11,  12,  13,  and  14), 
which  are  briefly  described  as  follows : 

a.  Beam  11  (photo  ll)  was  similar  (used  identical  reinforce- 
ment) to  beams  1,  4,  and  8;  therefore,  it  was  used  as  the 
control  beam  for  this  group. 

b.  Beam  12  used  reinforcement  identical  with  that  in  beam  11 
however,  the  lower  2-l/2  in.  of  its  tensile  zone  was  fab- 
ricated with  epoxy-resin  concrete  (photo  12)  in  lieu  of 
the  conventional  Portland  cement  concrete  mixture. 

c.  Beam  13  was  similar  to  beam  12  except  that  3 in.  of 
epoxy-resin  concrete  (photo  13)  was  used  in  its  fab- 
rication instead  of  2-1/2  in.  as  for  beam  12. 

d.  The  last  beam  (beam  l4)  was  provided  the  normal  rein- 
forcement employed  in  all  control  beams  (beams  1,  4,  8, 
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and  11 ) plus  l/2-in.-long  steel  fiber  (2.5  percent  by- 
volume)  reinforcement  within  the  lower  3 in.  of  its 
tensile  zone. 

43.  Test  results  for  beam  11  are  shown  in  table  17,  photo  11,  and 
plates  5,  9j  and  13  and  are  briefly  described  as  follows: 

a.  A load  of  4000  lb  was  required  to  produce  strains  of  such 
a magnitude  (340  and  360  millionths  for  the  reinforcement 
and  tensile  face  of  the  beam,  respectively)  that  cracking 
(0.0013  to  0.0020  in.  wide,  4.74  in.  deep)  began  within 
the  tensile  zone  of  the  beam.  A comparison  of  tables  7> 
10,  14,  and  17  shows  that  the  load  required  to  initiate 
the  cracking  of  similar  control  beams  (beams  1,  4,  and  8) 
was  as  much  as  50  percent  lower.  Therefore,  this  further 
indicates  the  difficulty  of  predicting  the  flexural  (ten- 
sile) strength  of  conventionally  reinforced  concrete 
beams.  The  strain  and  resulting  cracks  continued  to  grow 
under  increasing  loads,  with  a significant  change  occur- 
ring in  both  at  loads  ranging  frcm  7000  to  8000  lb 
(table  17).  At  the  12,000-lb  load,  the  strains  (1695  and 
1990  millionths  for  the  tensile  reinforcement  and  face  of 
the  beam,  respectively)  and  cracks  (0.0060  to  0.0081  in. 
wide,  5.60  in.  deep)  were  of  such  a magnitude  that  yield- 
ing of  the  tensile  reinforcement  was  becoming  evident. 
This  resulted  in  a flexural  compressive  failure  at  the 
next  higher  loading  level  of  13,000  lb. 

b.  A midspan  deflection  of  0.223  in.  occurred  at  the  12,000- 
lb  load  level.  This  represents  a deflection  ratio  of  ap- 
proximately L/323,  which  is  within  the  range  indicated  by 
the  previously  tested  control  (similar)  beams. 

c.  The  failure  moment  of  157,139  in. -lb  was  approximately 

4.5  percent  greater  than  the  150,290-in. -lb  ultimate  mo- 

9 

ment  predicted  using  the  ACT  Code.  This,  again,  indi- 
cates the  close  agreement  that  is  generally  found  between 
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the  actual  and  predicted  failure  moments  of  convention- 
ally reinforced  concrete  beams. 

44.  Beam  12  was  intended  to  be  identical  with  beam  6 in  order 
that  further  evaluations  could  be  made  of  beams  using  small  depths  of 
epoxy-resin  concrete,  in  lieu  of  regular  concrete,  within  the  zones 
subjected  to  the  maximum  tensile  stresses.  However,  a 2-l/2-in.  depth 
of  epoxy-resin  concrete  was  unintentionally  substituted  for  the  intended 
l-l/2-in.  depth  used  in  beam  6. 

45.  Test  results  for  beam  12  are  shown  in  table  18,  photo  12,  and 
plates  5,  9,  and  13  and  are  discussed  briefly  as  follows: 

a.  A total  load  of  12,000  lb  was  required  to  initiate  the 
cracking  of  beam  12.  However,  the  tensile  strains  were 
of  such  a magnitude  (610  and  980  millionths  for  the  ten- 
sile reinforcement  and  tensile  face  of  the  beam,  respec- 
tively) that  cracks  opened  up  to  a maximum  width  of  0.023 
to  0.0250  in.  and  a maximum  depth  of  6.37  in.  at  ohis 
load  level.  Since  the  reinforcement  of  the  beam  started 
yielding  (table  18)  before  the  13,000-lb  load  level  was 
reached,  the  only  useful  data  were  collected  up  to  and 
including  the  12,000-lb  load  level.  Therefore,  for  all 
practical  purposes  the  beam  actually  failed  during  its 
initial  stage  of  cracking,  which  further  substantiates 
Geymayer's  statement,  "more  important  than  their  influ- 
ence on  strength  is  the  ability  of  resin  concrete  layers 
to  provide  a noncracking  moisture  barrier  or  corrosion 
protection  practically  up  to  beam  failure."^  Although, 
as  previously  mentioned,  for  all  practical  purposes  the 
beam  actually  failed  near  the  12,000-lb  load  level,  it 
is  emphasized  that  a load  of  13,90°  lb  was  required  to 
completely  collapse  the  beam. 

b.  A midspan  deflection  of  0.147  in.  occurred  at  the 
12,000-lb  load  level.  This  represents  a deflection  ratio 
of  approximately  L/490,  which  is  a considerable  improve- 
ment over  that  of  most  other  beams  under  the  same  loading 
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levels.  ihis  increased  deflection  ratio  further  indi- 
cates the  small  amount  of  cracking  that  occurred  prior 
to  failure. 

c.  The  collapse  failure  moment  of  167,939  in. -lb  is  approxi- 
mately the  same  as  that  reached  by  all  the  conventionally 
reinforced  control  beams  (beams  1,  4,  8,  and  ll). 

46.  Beam  13,  fabricated  with  a 3-in.  layer  of  epoxy -resin  con- 
crete within  its  lower  tensile  zone,  was  similar  to  beam  7 of  group  2. 
However,  tests  of  this  beam  were  deemed  necessary  in  order  that  further 
evaluations  could  be  made  of  the  initial  cracking  loads  of  test  speci- 
mens using  various  depths  of  epoxy-resin  concrete  within  the  zones  sub- 
jected to  the  maximum  tensile  stresses. 

47.  Test  results  for  beam  13  are  shown  in  table  19,  photo  13,  and 
plates  5,  9,  and  13  and  are  discussed  briefly  as  follows: 

a.  Respective  strains  of  475  and  400  millionths  by  the  con- 
ventional reinforcement  and  tensile  face  (average  over 
middle  one-third  of  beam)  of  the  beam  resulted  in  its 
initial  cracking  (0.0010  to  0.0034  in.  wide,  3.20  in. 
deep)  at  a total  load  of  5000  lb.  This  represents  (l)  no 
change  in  the  cracking  load  when  compared  with  beam  6 
with  a l-l/2-in.  epoxy-resin  concrete  layer,  (2)  a slight 
decrease  in  the  cracking  load  when  compared  with  beam  7, 
and  (3)  a considerable  decrease  in  the  cracking  load  when 
compared  with  beam  12  with  a 2-l/2-in.  layer  of  epoxy- 
resin concrete.  Therefore,  these  results  indicate  that 
there  is  not,  as  indicated  initially,  a corresponding  in- 
crease in  the  initial  cracking  loads  of  like  beams  when 
the  epoxy-resin  concrete  layer  is  varied  between  minimum 
and  maximum  depths  of  1-1/2  and  3 in.,  respectively.  The 
strains  and  resulting  cracks  grew  at  a rather  uniform 
rate  from  their  dimensions  at  the  5000-lb  load  level  un- 
til they  reached  magnitudes  of  (l)  7500  millionths  strain 
for  the  tensile  reinforcement,  (2)  4200  millionths  aver- 
age strain  on  the  tensile  face  of  the  beam,  (3)  0.0450  to 
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0.0523  in.  for  the  maximum  crack  width,  and  (4)  6.30  in. 
for  the  maximum  crack  depth  at  a load  of  12,000  lb. 

These  magnitudes  of  the  strains  and  cracks  resulted  in  a 
flexural  compressive  failure  just  as  the  12,700-lb  load 
level  was  reached. 

b.  A midspan  deflection  of  0.328  was  reached  at  the  12,000-lb 
load  level,  or  just  prior  to  failure.  This  represents  a 
deflection  ratio  of  approximately  L/2l6,  which  is  about 
what  a majority  of  the  other  comparable  beams  would  in- 
dicate for  this  load  level. 

c.  The  failure  moment  of  153,539  in. -lb  represents  an  in- 
crease of  approximately  5*8  percent  over  that  found  for 
beams  6 and  7 and  a decrease  of  approximately  8.6  percent 
from  that  found  for  beam  12.  This  agrees  with  Geymayer’s 
statement,  "thicker  (3  in.)  layers*  did  not  appear  to 
more  beneficially  affect  the  moment  capacity,  possibly 
due  to  increasing  internal  stresses  (shrinkage  and  tem- 
perature) in  the  thicker  layers."^ 

48.  Test  results  for  beam  2 indicated  that  the  initial  cracking 
load  of  a small  conventionally  reinforced  concrete  beam  would  be  in- 
creased considerably  when  0.01-  by  0.01-  by  0.5-in.  steel  fibers  (2.5 
percent  by  volume)  were  added  to  the  plain  (normal)  concrete  mixture. 
Therefore,  beam  14  was  cast  with  a similar  fiber/concrete  mixture  in  its 
lower  3 in.  and  the  normal  concrete  mixture  throughout  its  remaining 
cross  section  in  order  that  further  evaluations  could  be  made  of  this 
promising  technique. 

49*  Test  results  for  beam  14  are  given  in  table  20,  photo  l4,  and 
plates  5,  9,  and  13  and  are  discussed  briefly  below. 

a.  Tensile  strains  of  560  millionths  (average  at  midspan) 
for  the  tensile  reinforcement  and  510  millionths  (average 
over  middle  one -third  of  beam)  for  the  tensile  face  of 
the  beam  resulted  in  the  initial  cracking  (0.0010  to 


* Geymayer  means  thicker  epoxy-resin  concrete  layers. 
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0.0030  in.  wide,  1.34  in.  deep)  of  the  test  specimen  at  a 
load  of  6000  lb.  This  is  nearly  the  same  as  the  load  re- 
quired to  produce  similar  strains  and  initial  cracks  in 
beam  2,  which  indicates  there  is  no  particular  advantage 
in  providing  the  fiber/concrete  mixture  throughout  the 
entire  cross  section  of  the  beam.  After  the  initial 
cracking  occurred,  the  beam  then  reacted  in  a manner  sim- 
ilar to  that  for  the  conventionally  reinforced  control 
beams  until  a flexural  compressive  failure  occurred  at  a 
load  of  14,000  lb. 

A midspan  deflection  of  0.239  in.  occurred  at  the 
13,000-lb  load  level,  or  just  prior  to  failure.  This 
represents  a deflection  ratio  of  L/301,  which  is  approxi- 
mately the  ratio  that  beam  2 and  beam  11  (the  control 
beam  of  this  group)  indicate  as  normal  for  a load  level 
of  this  magnitude. 

The  failure  moment  of  169,139  in. -lb  was  approximately 
2.2  percent  greater  than  that  of  beam  2 and  17 .6  percent 
greater  than  that  of  beam  11.  Since  this  amount  of  var- 
iation can  be  expected  for  similar  beams,  it  is  believed 
that  the  addition  of  steel  fibers  (in  the  amount  pre- 
scribed) to  a plain  concrete  mixture  will  not  signifi- 
cantly increase  load-carrying  capacity  of  beams  cast  from 
such  a mixture  over  that  of  conventionally  reinforced 
members . 


PART  III:  SUMMARY  OF  TEST  RESULTS  FOR  SMALL  BEAMS 

50.  In  this  summary,  the  test  results  are  compared  with  the  avail- 
able literature  to  provide  a basis  for  using  a particular  crack-arrest 
technique  with  larger  test  specimens.  The  results  are  partially  sum- 
marized in  table  21  and  plates  10,  11,  12,  and  13  and  are  discussed 
briefly  below. 


Beams  2,  3,  and  14  (Beams  Using  Steel 
Fibers  as  Crack  Arresters) 


51.  Steel  fibers  increased  the  precracking  loads  from  1.50  to 
2.75  times  those  of  the  conventionally  reinforced  concrete  beams.  How- 
ever, their  ultimate  tensile  straining  (strain  prior  to  cracking)  capa- 
bilities were  increased  by  factors  of  only  1.40  to  2.30.  Therefore, 
steel  fibers,  as  suspected,  not  only  increase  the  tensile  straining 
capabilities  of  a concrete  mixture,  but  also  the  area  under  its  tensile 
precracking  load  versus  deflection  curve,  or,  according  to  reference  12, 
its  precracking  toughnes.  . 

52.  Probably  due  to  the  difficulty  of  obtaining  a uniform  mixture 
as  the  fiber  length  versus  cross-sectional  ratio  increases,  the  shorter 
(0.5-in. -long)  fibers  produce  the  mixtures  with  the  greatest  tensile 
straining  capabilities. 

53.  The  addition  of  steel  fibers  did  not  significantly  increase 
the  ultimate  flexural  capacity  of  any  beam.  In  fact,  as  shown  in 
plates  10  and  13,  immediately  after  cracking,  the  conventionally  rein- 
forced concrete  beams  using  fiber  mixtures  reacted  very  similarly  to 
conventionally  reinforced  beams  using  normal  mixtures.  However,  it 
should  be  emphasized  that  the  0.5-in. -long  fibers  delayed  initial  crack- 
ing in  the  members  until,  their  maximum  anticipated  service  loads  were 
exceeded  (Appendix  A). 

54.  A comparison  of  beams  2 and  14  indicates  that  a fiber  mixture 
placed  only  in  the  more  critical  tensile  zones  of  a beam  will  probably 
be  as  effective  in  delaying  the  initial  cracking  as  a fiber  mixture 
placed  throughout  the  entire  cross  section  of  a beam. 
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Beams  5.  9,  and  10  (Beams  Using  Wire 
Meshes  as  Crack  Arresters; 

55.  The  use  of  a wire-mesh  (fabric)  cage  with  or  without  its  ver- 
tical wires  clipped  and  positioned  in  the  critical  zone  (figs . 5 and  7 ) 
can  increase  both  the  tensile  straining  and  the  precracking  load  char- 
acteristics of  small  conventionally  reinforced  beams  by  as  much  as  1.40 
to  1.60  times  that  of  conventionally  reinforced  beams.  A study  of 
table  21  and  plates  11  and  12  reveals  that  the  cages  not  only  increase 
the  tensile  strains  and  the  precracking  loads,  but  also  aid  in  control- 
ling (reducing)  the  sizes  of  the  resulting  cracks  even  at  load  levels 
greater  than  the  flexural  capacity  of  comparable  convention' ally  rein- 
forced (control)  beams.  However,  double  layers  of  wire  mesh  attached 
to  the  conventional  reinforcement  (fig.  6)  cannot  be  expected  to  give 
similarly  satisfactory  results.  Beam  9>  due  to  its  additional  rein- 
forcement (a  double  layer  of  wire  mesh),  reached  higher  flexural  loads 
than  those  expected  for  similar  conventionally  reinforced  members,  but, 
unfortunately,  the  ability  of  the  additional  reinforcement  to  control 
the  sizes  of  the  cracks  was  somewhat  limited. 

5 6.  The  wire  cage  is  believed  to  be  the  better  of  the  two  tech- 
niques using  wire  mesh  due  to  its  sizable  area  of  reinforcement  and 

to  its  greater  height.  Therefore,  since  the  cage  maintains  both  larger 
areas  of  reinforcement  and  heights  than  does  the  double  layer  of  wire 
mesh  attached  to  the  conventional  reinforcement,  the  wire  mesh  (fabric) 
of  the  cage  distributes  the  tensile  strains,  stresses,  and  resulting 
cracks  in  a more  satisfactory  manner.  Also,  since  the  method  of  fab- 
ricating the  cages  apparently  does  not  significantly  affect  its  crack- 
arresting  ability  (especially  up  to  maximum  anticipated  working  loads), 
the  method  illustrated  in  fig.  5 (cages  maintaining  vertical  wires)  is 
believed  to  be  the  better  because  of  its  simplicity  of  fabrication. 

Beams  6.  7.  12.  and  13  (Beams  Using  Epoxy- 
Resin  Concrete  as  Crack  Arresters) 

57-  The  routine  testing  conducted  during  this  part  of  the  inves- 
tigation did  not  properly  reflect  the  potential  deficiencies  of  the 


epoxy-resin  concrete  mixture  with  respect  to  shrinkage,  thermal  expan- 
sion, creep,  sensitivity  to  environmental  factors,  exothermic  character- 
istics, etc.  Therefore,  separate  tests  should  be  conducted  to  evaluate 
these  properties  before  a mixture  is  selected  for  practical  applications 
or  before  any  final  conclusions  can  be  made  based  on  these  or  similar 
test  results. 

58.  Although,  as  mentioned,  the  test  results  are  from  routine 
test  results  only,  the  following  indications  resulting  from  this  phase 
of  the  investigation  are  believed  to  be  worthy  of  noting: 

a.  When  compared  with  portland  cement  concrete,  1.50  to 
3.00  in.  of  properly  positioned  epoxy-resin  concrete  gen- 
erally increases  the  precracking  loads  of  the  beams  from 
125  to  240  percent.  This  represents  loads  that  are  from 
1.04  to  1.44  times  greater  than  maximum  .anticipated  ser- 
vice loads.  However,  since  only  one  beam  (beam  12,  table 
21)  delayed  initial  cracking  beyond  these  levels,  only 
partial  agreement  was  found  with  Geymayer's  statement, 
"more  important  than  their  influence  on  strength  is  the 
ability  of  resin  concrete  to  provide  a noncracking  mois- 
ture barrier  or  corrosion  protection  up  to  beam  failure."^ 

b.  Probably  because  thicker  layers  (above  1.5  in.)  are  sub- 
ject to  more  internal  stresses  (shrinkage,  temperature, 
etc.),  the  1.5-in.  layers  generally  appear  to  provide 
nearly  equal  precracking  protection  as  well  as  ultimate 
strength  capabilities. 


PART  IV:  CONCLUSIONS  AND  RECOMMENDATIONS  DERIVED  PROM 

SMALL-BEAM  INVESTIGATION 

Conclusions 


59.  A complete  analysis  of  the  small-beam  data  was  needed  prior 
to  fabricating  the  larger  test  beams;  therefore,  the  following  conclu- 
sions were  reached  at  this  stage  of  the  overall  investigation.  However, 
the  conclusions  were  reached  with  the  understanding  that  they  are  to  be 
used  as  a guide  only  and  are  subject  to  change  as  additional  test  re- 
sults become  available . 

Beams  2,  3,  and  14  (beams  using 
steel  fibers  as  crack  arresters) 

60.  Either  the  0.5-  or  1.0-in. -long  fibers  can  be  expected  to  in- 
crease the  precracking  loads  of  conventionally  reinforced  members;  how- 
ever, the  shorter  (0. 5-in. -long)  fibers  will  provide  overall  mixtures 
with  the  better  tensile  properties.  This  is  believed  to  be  due  to  the 
difficulty  of  obtaining  a uniform  mixture  as  fiber  length  versus  cross- 
sectional  ratio  increases. 

61.  Once  cracking  is  initiated,  the  fibers  apparently  do  not 
significantly  affect  the  size  and  spacing  of  the  crack  pattern.  How- 
ever, it  is  emphasized  that  the  0. 5-in. -long  fibers  can  be  expected  to 
prevent  or  delay  cracking  up  to  or  near  the  maximum  anticipated  service 
loads  (Appendix  A)  of  beams  similar  to  those  tested. 

Beams  5,  9>  and  10  (beams  using 
wire  meshes  as  crack  arresters) 

62.  Since  layers  of  wire  mesh  attached  to  conventional  reinforce- 
ment do  not  appear  to  increase  the  initial  cracking  loads  of  convention- 
ally reinforced  members,  this  method  shows  no  promise  as  a potential 
crack-arrest  technique.  However,  properly  constructed  and  positioned 
wire-mesh  cages  can  be  expected  to  delay  the  initial  cracking  of  similar 
beams  until  85  to  95  percent  of  their  maximum  anticipated  service  loads 
are  realized. 

63.  Of  the  specific  techniques  investigated,  the  wire -mesh  cage 
is  the  only  technique  that  can  be  recommended  for  helping  to  control  the 
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crack  growth  (size,  spacing,  etc.)  at  loads  greater  than  those  required 
to  initiate  cracking. 

64.  There  is  no  outstanding  difference  between  wire-mesh  cages 
with  or  without  vertical  wires.  Therefore,  due  to  their  simplicity  of 
construction,  those  containing  vertical  wires  are  recommended. 

Beams  6,  7>  12,  and  13 
(beams  using  epoxy-resin 
concrete  as  crack  arresters) 

65.  Although  there  is  only  slight  resistance  to  crack  growth  once 
cracking  is  initiated,  small  tensile  layers  of  epoxy-resin  concrete  will 
delay  the  initial  cracking  of  composite  beams  beyond  the  maximum  antici- 
pated service  loads  of  similar  conventionally  reinforced  concrete  beams. 

66.  Until  test  results  are  available  that  will  reflect  the  poten- 
tial deficiencies  (expansion,  creep,  sensitivity  to  environmental  fac- 
tors, exothermic  characteristics,  etc.)  of  the  epoxy-resin  concrete,  a 
definite  desirable  thickness  of  the  layer,  or  even  epoxy-resin  concrete 
itself,  cannot  be  recommended  for  practical  composite  construction  of 
this  type. 


Recommendations 


67.  Larger  beams  using  0.5-in. -long  steel  fibers  and  wire -mesh 
cages  should  be  further  investigated  under  both  short-  and  long-term 
static  loading.  If  resulting  data  substantiate  current  temporary  con- 
clusions, similar  beams  should  then  be  investigated  under  various 
environmental  conditions. 
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PART  V:  FABRICATION  AND  TESTING  PROGRAM  FOR  LARGER  BEAMS 


68.  Since  the  test  results  for  the  smaller  (4-  by  9-  by  72-in.) 
beams  (Parts  III  and  IV)  indicated  that  either  randomly  mixed  steel 
fibers  or  properly  positioned  wire  meshes  provided  suitable  as  well  as 
the  more  economical  means  for  arresting  or  minimizing  the  flexural  crack- 
ing of  conventionally  reinforced  concrete  beams,  eight  larger  (5-  by  l4- 
by  180-in.)  beams,  including  two  control  specimens,  were  fabricated 

and  then  subjected  to  either  short-  or  long-term  static  loading  so  that 
these  two  promising  crack-arrest  techniques  could  be  further  evaluated 
tinder  conditions  more  realistic  to  thos<-  experienced  by  members  of  an 
actual  structure. 

Concrete  Materials  and  Mixture  Proportions 

69.  Since  all  test  results  were  to  be  conpared,  it  was  desired 
that  all  test  specimens  possess  like  or  very  similar  properties;  there- 
fore, except  for  the  size  of  the  mixer*  and  the  variation  in  the  casting 
techniques  (paragraph  70} , the  larger  beams  were  fabricated  in  a manner 
very  similar  to  that  described  for  the  smaller  beams  (Part  II)  by  using 
similar  materials,  mixture  proportions,  and  curing  procedure.  The  re- 
sulting compressive  and  tensile  strengths  of  the  various  batches  are 
presented  in  tables  22  and  23 , and  their  compressive  stress-strain 
characteristics  are  given  in  plate  14.  Stress -strain  curves  for  the 
reinforcement  used  in  the  larger  beams  are  presented  in  plate  15. 

Fabrication  and  Curing  of  Specimens 

70.  It  was  feared  that  some  reinforcement  sag  was  possible  or 
probable  due  to  the  l80-in.  unsupported  length  of  the  reinforcement; 
therefore,  the  beams  were  cast  in  an  inverted  position  so  that  the 


* A l6-cu-ft -capacity  rotary  mixer  was  used  throughout  the  casting  of 
the  larger  specimens. 
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desired  depths  could  be  noted  and  better  controlled  throughout  their 
individual  lengths.  Since  steel  forms  were  not  available  in  the  indi- 
cated sizes,  special  plywood  forms  were  constructed  for  use  during  this 
phase  of  the  investigation. 

71.  All  beams  were  vibrated  with  a small  7000-rpm  electric  vibra- 
tor, finished  with  a wooden  float,  covered  with  waterproof  paper, 
stripped  at  a 48-hr  age,  and  then  moist-cured  for  an  additional  12  days. 
After  the  moist-curing  period,  the  beams  were  allowed  to  cure  under 
room  conditions  (approximately  73  + 2 F and  50  to  60  percent  relative  hu- 
midity) for  an  additional  l4-day  period.  Static  tests  were  then  per- 
formed on  the  beams  of  group  1,  and  sustained  testing  was  initiated  on 
the  group  2 beams. 


Beam  Test  Methods 


Short-term  static  tests 

72.  All  beams  subjected  to  short-term  static  testing  were  simply 
supported  and  tested  to  failure  in  an  inverted  position  (fig.  8)  by 


Fig.  8.  Test  arrangement  for  short-term  static  tests  of  larger  beams 
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third -point  loading.  Each  beam  was  supported  at  its  third  points  by  a 
half  rocker  system,  with  loads  being  placed  by  a combination  of  a hy- 
draulic system  and  two  20-ton-capacity  jacks  that  were  positioned  to 
provide  a clear  span  of  15  ft  for  each  test  specimen.  Losd  and  support 
reactions  were  distributed  to  each  beam  by  1/8-  by  l-l/2-in.  steel  pads 
placed  between  the  concrete  and  the  steel  rollers  or  load  transfers.  A 
control  panel,  a load  cell,  a displacement  transducer,  and  an  x-y  re- 
corder (fig.  8)  were  used  to  measure  the  loads  and  to  obtain  a con- 
tinuous load  versus  midspan  deflection  plot  for  each  beam.  Verifica- 
tions of  midspan  deflections,  as  well  as  end -span  deflections,  were  made 
with  three  3 -in.  travel  length  dial  gages  positioned  as  shown  in  fig.  8. 

73.  Total  loads  were  applied  in  1000-lb  increments,  and  readings 
of  beam  strains , deflections , crack  widths , etc . , were  made  after  the 
application  of  each  loading  increment.  The  loads  were  completely  re- 
moved at  approximately  50  percent  of  each  specimen's  ultimate  loading 
capacity  so  that  inelastic  deflections  could  be  checkf  ^ prior  to  con- 
tinuation of  loading. 

74.  Concrete  strains  were  measured  by  an  8-in.  mechanical  strain 
gage  using  Demec  standard  measuring  disks  located  at  previously  des- 
ignated points  (fig.  9)  and  by  an  SR-4  electrical  strain  gage  placed  at 
the  midspan  of  the  compressive  (top)  face  of  the  beam.  Reinforcement 
strains  were  also  determined  by  an  SR-4  electrical  strain  gage  placed  at 
the  midspan  of  the  conventional  reinforcement. 

75.  All  cracks  were  marked,  measured,  and  photographed  as  they 
occurred.  Crack  depths  and  widths  were  measured  with  a steel  scale 
graduated  to  0.01  in.  and  a 40X  microscope,  respectively. 

Long-term  (sustained)  static  tests 

7 6.  Except  for  the  duration  of  the  loading  increments,  the 


Fig,  9*  Locations  of  standard  measuring  (Demec)  disks  along 

tensile  face  of  beam 
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sustained  tests  were  essentially  the  same  as  the  short-term  tests;  however, 
some  variations  from  the  short-term  static  tests  are  described  below: 

a.  Since  all  sustained  testing  was  concurrent  (fig.  10 ),  ap- 
plied loads  were  measured  with  calibrated  hydraulic  jacks 
instead  of  load  cells.  Although  the  hydraulic  jacks  were 
equipped  with  special  cutoff  valves  in  order  that  the  de- 
sired loading  could  be  applied  and  maintained,  each  load- 
ing increment  was  checked  rather  frequently,  with  pres- 
sure gages  incremented  to  10  psi. 


Fig.  10.  Test  arrangement  for  long-term  static  tests  of  larger  beams 


b.  Generally,  all  loads  were  applied  in  1000-lb  increments; 
however,  in  a few  cases,  loading  increments  of  up  to 
2000  lb  were  used. 

c.  All  deflections  were  determined  fran  either  1-  or  3-in. 
travel  length  dial  gages  positioned  at  the  midspans  and 
end  spans  (fig.  10 ). 
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d.  Inelastic  deflections  were  not  checked  prior  to  increas- 
ing the  loads. 

77.  Excluding  extended  observation  periods  at  the  8000-lb  loading 
levels,  approximately  50  percent  of  each  beam's  ultimate  load,  all 
leading  increments  were  usually  maintained  for  a minimum  of  2 weeks, 
with  each  loading  increment  being  observed  over  a longer  period  of  time 
when  significant  changes,  strains,  deflections,  and  crack  patterns  oc- 
curred between  consecutive  observations.  As  mentioned,  the  behavior  of 
the  individual  beams  was  observed  over  a longer  period  of  time,  a mini- 
mum of  4 weeks,  at  the  8000-lb  load  level.  These  extended  observations 
were  made  so  the  behavior  of  the  individual  beams  could  be  more  thor- 
oughly investigated  under  loads  near  or  slightly  greater  than  any  maxi- 
mum anticipated  service  load. 

Beam  Test  Results 


78.  The  behavior  of  individual  beams  and  the  principal  results 
of  individual  tests  are  summarized  in  tables  24-31  and  plates  16-27. 
Group  1L* 

79-  Group  1L  consisted  of  four  statically  tested  beams,  one  of 
which  was  used  as  the  control  specimen.  The  control  beam  (beam  1L) 
was  reinforced  for  flexure  to  approximately  65  percent  of  a balanced  de- 
sign (P^)  according  to  the  ACI  Code^  by  using  two  No.  6 high-strength, 
grade  60,  reinforcing  bars  as  the  tensile  reinforcement  (plate  15a). 

Q 

The  shear  requirements  of  the  ACI  Code  were  satisfied  by  using  No.  3 
vertical  stirrups  (plate  15b)  on  6-in.  centers  throughout  the  sections 
of  the  beam  requiring  shear  reinforcement. 

80.  Beam  2L  contained  the  same  portland  cement  concrete  mixture 
and  conventional  reinforcement  as  described  for  the  control  beam;  how- 
ever, Its  lower  3-3/8-in.  tensile  zone  was  additionally  reinforced  with 
2.5  percent  by  volume  of  0.5-in. -long  steel  fibers.  The  properties  of 


L denotes  the  5- by  lU-by  180-in.  beams,  or  the  larger  beams,  through- 
out this  report. 
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the  fibers  used  in  this  beam,  as  well  as  in  all  other  large  beams  (4l,  6L 
and  7L)  which  contained  fibers,  were  identical  with  those  reported  for 
the  small  beams  and  are  listed  in  table  4. 

8l.  Beam  34  was  fabricated  with  the  same  plain  concrete  mixture 
and  conventional  reinforcement _ as  the  control  beam,  except  that  the 
number  of  conventional  stirrups  was  reduced  and  a 4-  by  11-  by  84-in. 
wire-mesh  cage,  fabricated  from  No.  14  gage  (2.03  wm),  1-  by  1-in.  gal- 
vanized wire  mesh,  was  used  as  a crack  arrester  throughout  the  inner 
84-in.  section  of  the  beam  (fig.  11 ).  Also,  extending  each  end  of  the 
wire-mesh  cage  12  in.  into  the  maximum  shear  zone  of  the  beam  allowed 
investigation  of  the  cage's  potential  shear  reinforcing  capabilities  as 
well  as  its  potential  as  a crack  arrester. 


Fig.  11.  Reinforcement  for  beam  34  (reinforcement 
was  inverted  prior  to  casting) 

82.  Beam  4L  was  similar  to  beam  2L  except  that  the  steel  fibers 
were  incorporated  into  the  entire  cross  section  of  the  beam  so  that 
further  comparisons  could  be  made  of  beams  containing  minimum  depths  of 
fibers  with  those  possibly  containing  excessive  fiber -reinforcement 
depths . 

83.  Test  results  for  beam  1L  are  given  in  table  24,  photo  15,  and 
plates  l6,  20,  and  24  and  are  discussed  briefly  below: 

a.  A total  load  of  2000  lb  resulted  in  the  initial  cracking 
of  the  beam  (photo  15b).  Table  24  indicates  concrete 
tensile  strains,  averaged  over  middle  ne-tnird  of  beams, 
and  compressive  strains  of  150  and  165  millionths,  re- 
spectively, at  this  load  level,  which  resulted  in  maximum 
crack  widths  and  depths  of  0.001  and  O.90  in.,  respec- 
tively. Table  24  and  photo  15  show  that  from  this  point 
the  strains  and  resulting  cracks  grew  somewhat  uniformly 


until  the  concrete  tensile  strain  reached  1150  millionths. 


the  concrete  canpressive  strain  reached  887  millionths, 
the  maximum  crack  width  reached  0.006  in.,  and  the  maxi- 
mum crack  depth  reached  7.15  in.  at  the  7000-lb  level 
(photo  15e).  However,  from  this  level  there  was  a dras- 
tic change  with  cracks  opening  Tip  to  0.014  in.  in  width 
at  the  8000-lb  load  level  (photo  15f).  Since  cracks  this 

wide  are  considered  excessive  in  most  structural  ele- 
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ments,  the  beam  was  considered  to  have  reached  its 

crack-arrest  potential  somewhere  between  the  70G0-  and 
8000-lb  load  levels.  Although  the  beam  reached  its  po- 
tential as  a crack  arrester  as  stated,  a total  load  of 
14,000  lb  was  required  to  completely  fail  the  beam. 

Photos  15i  and  15  j indicate,  as  would  be  expected,  that 
the  beam  experienced  a flexural  compressive  failure 
shortly  after  its  ultimate  load  of  14,000  lb  was  reached. 

b.  A midspan  deflection  of  1.473  in.  was  recorded  just  prior 
to  failure.  This  represents  a deflection  ratio  of  ap- 
proximately L/122,  which  is  about  what  should  be  expected 
for  such  beams  at  this  particular  loading  level. 

c.  The  failure  moment,  including  weight  of  beam,  was 

433,234  in. -lb.  This  is  only  about  86  percent  of  the 

ultimate  moment  of  502,016  in. -lb  predicted  by  the  AC1 
9 

Code.  This  difference  is  not  to  be  expected  and  tends 
to  indicate  that  the  beam  may  have  fa.  ’.ed  prematurely. 

84.  Test  results  for  beam  2L  are  shown  in  table  25,  photo  16,  and 
plates  17,  21,  and  25  and  are  briefly  discussed  below: 

a.  A concrete  tensile  strain  of  463  millionths  resulted  in 
initial  cracks  of  up  to  0.002  in.  in  width  and  1.C6  in. 
in  depth  at  the  5000-lb  load  level  (photo  l6b).  The 
cracks  increased  from  this  magnitude  to  0.004  in.  in 
width  and  6.50  in.  in  depth  during  the  next  2000  lb  of 
applied  loading  (to  7000-lb  total  load);  however,  there 
were  no  further  changes  observed  in  the  crack  pattern 


} 


until  10,000  lb  of  applied  load  produced  concrete  tensile 

strains  of  such  a magnitude,  1434  millionths,  that  cracks 

opened  up  to  maximum  widths  and  depths  of  0.009  and 

7.25  in.,  respectively.  An  additional  4000  lb,  14, 000-lb 

load  level,  produced  a concrete  tensile  strain  of  2166 

millionths  and  a resulting  major  crack  having  a maximum 

width  and  depth  of  0.01 5 and  8.25  in.,  respectively. 

Since  this  width  is  considered  to  be  excessive  for  limit- 
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ing  moisture  penetration,  ’ the  remaining  test  loads 
were  applied  with  the  realization  that  the  beam  provided 
no  other  crack-arrest  potential.  However,  it  is  empha- 
sized that  the  beam  supported  a total  load  of  17,000  lb 
before  it  experienced  a flexural  compressive  failure. 

b.  A midspan  deflection  of  1.50  in.  occurred  just  prior  to 
failure.  3his  represents  a deflection  ratio  of  L/120,  or 
about  the  same  ratio  as  that  experienced  by  beam  XL.  How- 
ever, at  a load  of  14,000  lb  (the  failure  load  of  beam 
lli),  the  deflection  ratio  for  beam  2L  was  L/201,  which  is 
a considerable  improvement  over  that  of  the  convention- 
ally reinforced  control  beam. 

c.  Hie  failure  moment  of  523,234  in. -lb  was  approximately 
20  percent  higher  than  that  required  to  fail  the  conven- 
tionally reinforced  control  beam.  This  difference  indi- 
cated not  only  that  beam  1L  failed  prematurely  but 

also  that  the  fibers  increased  the  load-carrying  ability 
of  beam  2L.  However,  the  fibers  did  not  appear  to  pos- 
sess this  potential  during  the  small -beam  investigation 
(Part  III). 

85.  Test  results  for  beam  3L  are  shown  in  table  26,  photo  17,  and 
plates  18,  22,  and  26  and  are  briefly  discussed  below: 

a.  A concrete  tensile  strain  of  314  millionths  was  suffi- 
cient to  produce  initial  cracks  of  up  to  0.001  in.  in 
width  and  0.68  in.  in  depth  at  the  3000_Ib  load  level 
(photo  17b;).  From  this  point,  there  was  a rather  uniform 
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increase  in  the  crack  dimensions  (table  26)  until  (l)  the 
concrete  strains  reached  1464  millionths,  (2)  the  maximum 
crack  widths  reached  0.006  in.,  and  (3)  the  maximum  crack 
depths  reached  6.60  in.  at  the  8000-lb  load  level  (photo 
17d).  Table  26  shows  that  there  was  no  measurable  dif- 
ference in  the  maximum  dimensions  of  the  cracks  between 
the  8,000-  and  10,000-lb  load  levels;  however,  an  addi- 
tional load  of  1,000  lb,  total  load  of  11,000  lb,  re- 
sulted in  concrete  tensile  strains  of  1931  millionths  and 
corresponding  cracks  of  up  to  0.007  and  7.85  in.  in  width 
and  depth,  respectively  (photo  17e).  Maximum  crack 
widths  of  0.010  and  0.012  in.  were  noted  aJ.  the  13,000- 
and  15,000-lb  load  levels,  respectively.  Since  widths 
of  these  magnitudes,  especially  those  of  0.012  in.,  are 
generally  considered  excessive  for  most  structural  ele- 

lo  2.I1 

ments,  ’ the  wire  mesh  was  considered  to  have  reached 
its  maximum  potential  as  a crack  arrester  somewhere  be- 
tween the  13,000-  and  15,000-lb  load  levels.  However, 
table  26  indicates  that  the  beam  sustained  a total  load 
of  18,000  lb  before  it  actually  failed,  and  photo  17h  in- 
dicates that  it  failed,  as  had  all  previously  tested 
specimens,  in  the  desired  flexural  compressive  mode. 

b.  A midspan  deflection  of  1.240  in.  occurred  just  prior  to 
failure . This  represents  a deflection  ratio  of  approxi- 
mately L/l45.  This  is  a slight  improvement  over  the  de- 
flection ratio  found  for  the  control  beam,  although  the 
failure  load  was  increased  approximately  38  percent. 

c.  The  failure  moment  was  553 >234  in. -lb.  A significant 
amount  of  this  increase , when  compared  with  the  failure 
moment  of  433 >234  in. -lb  for  beam  1L,  was  probably  due  to 
the  wire  mesh  providing  flexural  reinforcement  in  addi- 
tion to  its  primary  function  of  arresting  or  minimizing 
cracking . 

86.  Test  results  for  beam  4l  are  shown  in  table  27,  photo  18,  and 


plates  19>  23,  and  27  and  are  discussed  briefly  as  follows: 

a.  A concrete  tensile  strain  of  297  millionths  was  suffi- 
cient to  initiate  hairline  cracking  (0. 0005-in.  maximum 
width)  at  a load  of  4000  lb  (photo  18b);  however,  a 
5000-lb  load  was  required  to  produce  cracks  with  widths 
(O.OOl  in.  maximum)  and  depths  (0.90  in.  maximum)  that 
were  both  measurable.  From  this  point,  table  27  and 
photos  I8d-l8h  show  that  the  strains  and  corresponding 
cracks  increased  seme what  uniformly  until  they  reached 
magnitudes  of  2099  millionths  (concrete  tensile  strain), 
0.010  in.  (maximum  width  of  cracks),  and  8 in.  (maximum 
depth  of  cracks),  at  the  13,000-lb  load  level,  but  no 
further  measurable  changes  occurred  in  the  crack  pattern 
until  the  maximum  cracks  reached  magnitudes  of  0.05  in* 
in  width  and  8.65  in.  in  depth  at  the  failure  load  of 
16,000  lb.  There  was  a drastic  change  between  the 
15,000-  and  16, 000-lb  load  levels,  but  photo  l8j  indi- 
cates that  the  beam  failed  in  the  desired  flexural  com- 
pressive mode. 

b.  A midspan  deflection  of  1.162  in.  occurred  just  prior  to- 
failure . This  represents  a deflection  ratio  of  approxi- 
mately L/155,  or  about  the  same  as  that  for  beam  2L, 
which  contained  fibers  in  its  lower  3 in.  only. 

c.  The  failure  moment  was  493,234  in. -lb,  or  about  95  per- 
cent of  that  for  beam  2L.  Since  this  is  somewhat  higher 
than  the  433, 234 -in. -lb  moment  required  to  fail  beam  1L, 
there  is  again  some  indication  that  fibers  may  increase 
the  idtimate  load-carrying  capabilities  of  reinforced 
concrete  members.  However,  since  this  was  not  indicated 

by  the  small-beam  tests  (Part  III),  and,  since  it  is  near 

g 

the  moment  predicted  by  the  ACI  Code  for  beam  1L,  it  is, 
again,  some  indication  that  the  control  beam  (beam  1L) 
failed  prematurely. 
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Group  2L 

87.  Since  most  structural  elements  are  seldom  limited  to  short- 
term static  loading,  the  beams  of  group  2L  were  fabricated,  cured  as 
previously  described,  and  then  subjected  to  sustained  loading  in  order 
that  each  specific  crack-arrest  technique  could  be  investigated  with 
test  specimens  that  more  nearly  represented  members  of  actual  struc- 
tures. And,  since  it  was  desired  to  obtain  some  idea  of  what  effects 
sustained  loading  could  have  on  any  of  the  particular  crack-arrest  tech- 
niques, the  beams  of  group  2L  were  fabricated  so  that  they  were  identi- 
cal, or  as  nearly  identical  as  possible,  with  those  of  group  1L. 

88.  Test  results  for  beam  5L,  which  was  similar  to  beam  3L  (con- 
tained a 4-  by  11-  by  84-in.  wire-mesh  cage  in  its  inner  84-in.  sec- 
tion), are  given  in  table  28,  photo  19,  and  plates  18  and  26  and  are 
discussed  briefly  as  follows : 

a.  Table  28  shows  that  there  were  no  visible  cracks  imme- 
diately after  the  initial  load  of  2000  lb  was  applied; 
however,  concrete  tensile  strains  of  91  millionths  and 
corresponding  cracks  of  up  to  0.002  in.  in  width  and 
1.06  in.  in  depth  were  noted  after  24  hr  of  sustained 
loading  at  this  particular  level  (photo  19b).  From  this 
point,  the  strains  and  cracks  both  grew  rather  uniformly 
until  they  reached  a strain  of  470  millionths,  a crack 
width  of  0.005-in.,  and  a crack  depth  of  4.85  in.  at  the 
initial  application  of  the  5000-lb  load  (.photo  19c).  Max- 
imum crack  widths  of  0.009  and  0.010  in.  were  then  noted 
at  the  completion  of  the  6000-  and  7000-lb  loading  incre- 
ments (.photos  19d  and  19e),  respectively.  Since  widths  of 
greater  than  0.010  in.  are  generally  considered  excessive 
for  many  structural  elements  the  beam  was  consid- 

ered to  have  practically  reached  its  crack-arrest  poten- 
tial at  the  7000-lb  loading  level.  Even  though  the  beam 
reached  its  potential  as  a crack  arrester  at  or  near  the 
7000-lb  level,  an.  additional  load  of  10,900  lb,  or  a 
total  load  of  17,900  lb,  was  required  to  actually  fail 
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"the  beam  (table  28).  Photo  1 9%  shows  that  the  beam  failed 
in  the  desired  flexural  compressive  mode  and  indicates 
that  properly  designed  and  positioned  wire  meshes  can  pro- 
vide sufficient  shear  reinforcement  a r well  as  perform  the 
principal  function  of  arresting  flexural  cracking. 

b.  A midspan  deflection  of  3-25  in.  occurred  at  the  failure 
load.  This,  when  compared  with  the  1.20-in.  deflection 
experienced  by  beam  3h,  may  indicate  the  effect  that  sus- 
tained loading  will  have  on  the  deflections  of  members 

of  this  type. 

c.  The  failure  moment  of  550,234  in. -lb  was  essentially  the 
same  as  the  553j234  in. -lb  for  beam  3b.  This  indicates 
that  sustained  loading  may  not  affect  the  ultimate  loads 
of  members  of  this  type  even  though  most  of  their  other 
properties  (strains,  deflections,  maximum  crack  wideb- 
and depths,  etc.)  may  be  affected  significantly. 

89.  Test  results  for  beam  6L,  which  was  similar  to  beam  2L  (2.5 
percent  by  volume  of  0.5-in .-long  steel  fibers  were  placed  in  the  lower 
3-3/8-in.  tensile  zone  of  the  beam)  are  given  in  table  29,  photo  20,  and 
plates  17  and  25  and  are  discussed  briefly  as  follows : 

a.  A concrete  tensile  strain  of  284  millionths  with  corre- 
sponding 0.0005-in. -wide  hairline  cracks  occurred  24  hr 
after  a total  load  of  4000  lb  had  been  applied  (photo 
20b ) ; however,  an  additional  24  hr  at  this  loading  pro- 
duced cracks  of  such  magnitudes  (0.001  in.  wide  and 
0.50  in.  deep)  that  their  depths  could  be  marked,  mea- 
sured, and  photographed  (photo  20c).  From  this  point, 
the  strains  and  corresponding  cracks  continued  to  grow 
at  an  increasing  rate  until  they  reached  magnitudes  of 
1304  millionths  (tensile  strain  of  concrete),  0.010  in. 
(width  of  crack),  and  6,95  in.  (depth  of  crack)  immedi- 
ately after  reaching  the  9000-lb  load  level  (photo  20f). 
The  maximum  crack  width  was  then  increased  to  0.012  in. 
by  an  additional  2000  lb  (11, 000-lb  total  load)  of  loading 
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(photo  20g).  Since  widths  of  these  magnitudes,  espe- 
cially those  of  0.012  in.,  are  probably  excessive  for 

1*5 

most  structural  elements , * the  beam  was  considered  to 

have  reached  its  maximum  crack-arrest  potential  somewhere 
between  the  9,000-  and  11,000-lb  loading  levels.  However, 
table  29  shows  than  an  additional  load  of  6,400  lb 
(17,400  3b  total)  was  required  to  completely  fail  the 
beam,  and,  as  in  all  pre-  ion  tests,  the  flexural  com- 
pressive mode  was  evident  at  failure  (photo  20k). 

b.  A midspan  deflection  of  1.85  in.  occurred  at  the 
17,400-lb  failure  load.  This  was  only  a modest  increase 
over  the  1.50  in.  noted  for  beam  2L  at  the  17,000-lb 
failure  load.  .However,  plate  17  does  indicate  that  the 
sustained  loading  produced  deflections  with  percentage 
differences  of  or  near  this  amount  throughout  their  cor- 
responding loading  levels. 

c.  The  failure  moment  of  535,223  in. -lb  was  essentially  the 
same  as  the  523, 223 -in.. -lb  moment  required  to  fail  beam 
2L.  This  again  indicates  that  sustained  loading  may  not 
affect  the  ultimate  loads  of  members  using  either  of  the 
potential  crack-arrest  techniques  even  though  most  of 
their  other  properties  (strains,  deflections,  maximum 
crack  widths,  etc.)  may  be  affected  significantly.  Also, 
these  failure  moments,  when  compared  with  those  predicted 
for  the  control  beams,  indicate  that  the  steel  fibers  may 
have  significantly  increased  the  ultimate  load-carrying 
ability  of  the  beam;  however,  it  is  emphasized  that  this 
was  not  indicated  by  results  of  the  small -beam  tests 
(Part  III). 

90.  Test  results  for  beam  7 L,  which  was  similar  to  beam  4L  (2.5 
percent  by  volume  of  0.5-in. -long  steel  fibers  were  used  throughout  its 
entire  cross  section),  are  given  in  table  30,  photo  21,  and  plates  19 
and  27  and  are  discussed  briefly  as  follows : 

a.  Concrete  tensile  strains  of  187  millionths  resulted  in 
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the  initial  cracking  (0. 001-in.  maximum  width,  0.8l-in. 
maximum  depth)  of  the  beam  after  it  had  been  subjected  to 
a 3000-lb  load  for  a period  of  24  hr  (photo  21b).  From 
this  point,  there  was  a uniform  crack  width  increase  of 
0.001  in.  per  1,000  lb  of  additional  loading  until  a total 
load  of  12,000  lb  was  reached.  This  indicates  that  pro- 
longed loadings  of  up  to  or  slightly  greater  than  ulti- 
mate working  levels  may  have  little  or  no  effect  on  the 
crack  widths  of  structural  members  of  this  type.  The 
maximum  crack  width  was  increased  by  0.0U2  in.  (0.010  to 
0.012  in.)  by  the  next  loading  level  (13,000  lb)  (photo 

21h).  Since  widths  of  these  magnitudes  are  generally 

13  14 

considered  excessive  for  most  flexural  members,  ’ the 
beam  is  considered  to  have  reached  its  crack-arrest  po- 
tential somewhere  between  the  12,000-  and  13,000-lb  load- 
ing levels.  However,  it  is  emphasized  that  an  additional 
load  of  4500  lb  (17,500-lb  total  load)  was  required  to 
completely  fail  the  beam,  and,  as  in  all  previous  cases, 
the  desired  flexural  compressive  mode  was  evident  at 
failure  (photo  21k). 

, A midspan  deflection  of  2.65  in.  occurred  at  its  failure 
load  of  17,500  lb  (table  30 ).  However,  a deflection  of 
only  about  1.45  in*  (table  30)  occurred  before  yielding 
of  tne  reinforcement  became  evident.  Therefore,  a sub- 
stantial amount  of  the  mentioned  deflection  actually  oc- 
curred after  the  beam  had,  for  all  practical  purposes, 
reached  its  ultimate  load-carrying  capability. 

. The  failure  moment  of  538 , 234  in. -lb  was  approximately 
9 percent  greater  than  the  493 , 234  in. -lb  required  to 
fail  beam  4L.  This  again  indicates  that  sustained  or 
prolonged  loading  will  probably  not  affect  the  ultimate 
loud-carrying  capabilities  of  members  using  either  of  the 
recommended  crack-arrest  techniques  * And,  further,  since 
it  was  considerably  higher  (up  to  nearly  25  percent)  than 
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the  failure  moments  of  the  control  beams,  there  is  again 
indication  that  steel  fibers  may  significantly  increase 
the  load-carrying  capabilities  of  conventionally  rein- 
forced concrete  members  even  though  this  was  not,  as  pre- 
viously mentioned,  indicated  by  results  of  the  small -beam 
tests  (Part  III). 

91.  Test  results  for  beam  8L,  which  was  similar  to  the  conven- 
tionally reinforced  control  beam  (beam  1L)  of  group  1L,  are  given  in 
table  31,  photo  22,  and  plates  1 6 and  2k  and  are  discussed  briefly  as 
follows : 

a.  An  average  tensile  strain  of  6l  millionths  produced  the 
first  noticeable  cracking  (0. 001-in.  maximum  width  and 
1.00-in.  maximum  depth)  at  the  initial  application  of 
the  2000-lb  load  (photo  22b).  The  cracks  increased  to 
0.002  in.  in  width  and  2.38  in.  in  depth  at  the  initial 
application  of  the  3000-lb  load  (photo  22c),  and  then 
further  increased  to  0.004  in.  in  width  and  3*25  in.  in 
depth  after  3 days  of  sustained  loading  at  this  level 
(photo  22d).  Prom  this  point,  the  concrete  strains  and 
resulting  cracks  continued  to  grow  at  an  increasing  rate 
until  they  reached  magnitudes  of  887  millionths,  0.010  in., 
and  6.15  in.  for  the  strains,  maximum  crack  widths,  and 
maximum  crack  depths,  respectively,  at  a 7-day  sustain 
load  of  7000  lb  (photo  22f).  Some  cracks  of  up  to 
0.013  in.  in  width  and  6. 75  in.  in  depth  were  noted  im- 
mediately after  the  application  of  the  8000-lb  load 
(photo  22g).  Although  no  measurable  changes  occurred 
during  an  additional  30  days  of  observation  at  this  par- 
ticular load  level,  the  cracks  were  already  of  such  a 

magnitude  that  the  beam  was  considered  to  have  reached  or 

13  lb- 

surpassed  its  crack-arrest  potential  5 somewhere  be- 
tween the  mentioned  7000-  and  8000-lb  levels . Even  though 
the  beam  did  reach  its  crack-arrest  potential  as  stated, 
a total  load  of  15,900  lb  was  required  to  completely  fail 
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the  beam,  and,  as  in  all  previous  tests,  the  beam  e>, 
enced  a flexural  compressive  failure  (photo  22&) . 

b.  A midspan  deflection  of  2.55  in.  occurred  at  failure. 

This  is  considerably  more  than  the  1.473  in.  recorded  for 
the  failure  load  of  beam  1L;  however,  plate  17  shows  that 
this  increase  was  due  almost  entirely  to  the  additional 
load  (1900  lb)  required  to  fail  beam  8L. 

c.  The  failure  moment  was  490,234  in. -lb.  This  is  within 

1 to  2 percent  of  the  failure  moment  of  495>Ol6  predicted 
by  the  ACI  Code^  and  indicates  that  beam  1L  may  have  ex- 
perienced premature  failure,  as  mentioned,  and  that  the 
sustained  loads  had  no  effect  on  the  ultimate  load- 
carrying capability  of  the  beam. 
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PART  VI:  COMPARISON  OF  TEST  RESULTS 


Short-Term  Static  Tests  of  Larger  Beams  Versus 
Short-Term  Static  Tests  of  Smaller  Beams 


92.  Most  of  the  more  widely  known  equations  presently  used  for 

predicting  crack  widths  and  spacings  appear  to  be  based  on  actual  test 
13 

results.  However,  it  seems  that  some,  if  not  a majority,  of  these 
equations  are  based  primarily  on  the  test  results  from  rather  small,  es- 
sentially model  specimens  subjected  to  short-term  static  testing  only. 
Therefore,  results  of  the  short-term  static  tests  of  the  larger  and 
smaller  beams  are  compared  so  that  the  predictions  from  some  of  the  more 
widely  known  equations  can  be  compared  with  the  test  results  obtained 
from  members  that  were  similar  (except  for  the  individual  lengths  and 
cross-sectional  areas;  and  had  nearly  equal  reinforcement  ratios,  were 
fabricated  from  like  mixtures,  used  identical  crack-arrest  techniques, 
and  were  tested  under  third -point  loading.  This  allows  a determination, 
to  some  degree,  of  how  size  alone  may  affect  cracking  within  reinforced 
concrete  members  that  are  subjected  only  to  short-term  static  testing. 

A brief  comparison  of  the  test  results  for  corresponding  beams  follows. 

Beam  1L  versus  beam  1 (conven- 
tionally  reinforced  control  beams) 

93«  Although  there  were  four  conventionally  reinforced  control 
beams  tested  during  the  small -beam  phase,  only  beam  1 is  used  in  this 
comparison.  Beam  1 was  selected  for  convenience  and  not  for  any  partic- 
ular statistical  reason. 

94.  Table  32  shows  that  initial  cracking  occurred  at  maximum  con- 
crete tensile  stresses  of  360  and  370  psi  for  beams  1L  and  1,  respec- 
tively. From  this  point,  the  behavior  of  the  two  beams  was  very  simi- 
lar, with  maximum  cracK  widths  closely  following  the  predictions  of  the 
Base,  Read,  Beeby,  and  Taylor  equation'5  of  W = 3.3  d’f  /E  ( t* " rr  ) 
until  reinforcement  stresses*  of  nearly  25,000  psi  were  reached 


* The  method  used  for  determining  the  reinforcement  stresses  at  the 
various  load  levels  is  illustrated  in  Appendix  C. 
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(plate  20).  Although  the  previously  mentioned  equation'’  of 

W = 3*3  d*f  /E  ( was  valid  (plate  20)  in  beam  1 to  stress 

levels  (45,000  psi)  greatly  exceeding  those  expected  from  normal  service 

loads,  the  crack  widths  of  beam  1L  increased  at  a much  more  rapid  rate 

(plate  20)  and  more  nearly  followed  the  predictions  of  the  Chi  and 

Kirstein  equation1'’  of  W = /f  _ £122^  at  stresses 

n max  Es  \d  - 3&J  \ s FD  ] 

greater  than  the  previously  mentioned  25,000-psi  level. 

Beam  2L  versus  beam  14 

(beams  containing  0.5-in.- 

long  fibers  in  lower  tensile  zones) 

95*  Maximum  concrete  tensile  stresses  of  800  and  1080  psi  re- 
sulted in  the  initial  cracking  of  beams  2L  and  14,  respectively  (table 
32).  Plate  21  shows  that  the  Chi  and  Kirstein  equation"'"'’  of 

Wmax  = (d  I jd)  (fs  ” ^fd°)  Pret&cts  crack  widths  of  the  re- 

spective beams  (2L  and  14)  satisfactorily,  especially  up  to  the  highest 
reinforcement  stress  levels  expected  in  actual  structural  members,  when 
the  constant  of  7*5  is  changed  to  2.5  and  2.0  for  the  larger  (beam  2L) 
and  smaller  (beam  14)  beams,  respectively.  This  indicates,  as  did  the 
control  beams  (1L  and  l),  that  smaller  beams  or  models  are  less  prefer- 
able than  larger  beams  when  crack-arrest  techniques  are  being 
investigated . 

Beam  3L  versus  beam  5 (beams 
containing  wire-mesh  cages  in 
more  critical  flexural  zones) 

96.  Initial  cracking  occurred  when  the  maximum  concrete  tensile 
stresses  reached  magnitudes  of  510  and  730  psi  in  beams  3L  and  5,  re- 
spectively. Then,  if  the  constant  of  the  Chi  and  Kirstein  equation1'’ 
is  adjusted  from  7*5  to  2.7  for  beam  3L  and  to  2.0  for  beam  5,  the  max- 
imum crack  widths  obtained  by  calculation  will  be  in  rather  close  agree- 
ment with  those  observed  (plate  22)  from  this  point  (point  of  initial 
cracking)  up  to  load  levels  which  produced  reinforcement  stresses  of 
45,000  psi.  This  difference  5.ndicates,  as  do  previous  test  differ- 
ences, that  small  beams  or  models  are  less  preferable  than  are  large 
beams  when  potential  crack-arrest  techniques  are  being  investigated. 
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Beam  4L  versus  beam  2 (beams 
containing  0.5-in. -long  fibers 
throughout  entire  cross  sections ) 

97*  Table  32  shows  that  initial  cracking  occurred  when  the  maxi- 
mum concrete  tensile  stresses  reached  650  and  990  psi  for  beams  4L  and 
2,  respectively.  From  this  point,  the  beams  behaved  quite  similarly, 
with  maximum  crack  widths  closely  following  the  adjusted  Chi  and 
Kirstein  equation1^  of  V/  = (t~  rein- 

forcement  stresses  of  30,000  psi  were  exceeded  (plate  23).  This  close 
agreement  of  the  behavior  of  the  individual  beams  indicates  that  this 
particular  crack-arrest  technique  could  possibly  be  investigated  suc- 
cessfully by  the  use  of  small  beams  or  models  when  or  if  normal  service 
loads  are  not  exceeded;  however,  it  is  emphasized  that  this  is  the  only 
technique  investigated  which  indicated  this  possibility. 

Short-Term  Versus  Long-Term  Static  Tests  of  Larger  Beams 
Background 

98.  Although  the  preceding  comparison  of  the  short-term  static 
tests  allowed  determination,  to  some  extent,  of  how  flexural  cracking 
may  be  affected  by  the  length  of  members,  size  of  cross  sections,  and 
other  dimensional  aspects  of  the  structural  member,  it  did  not  indicate 
the  influence  that  sustained  or  long-term  loading  may  have.  Therefore, 
the  test  results  for  groups  1L  and  2L  were  compared  in  order  to  obtain 
some  idea  of  the  influence  that  sustained  loading,  or  loading  which  more 
nearly  represents  that  found  in  structural  members,  may  have  on  the  in- 
dividual crack-arrest  techniques. 

Beam  1L  versus  beam  8L  (conven- 
tionally  reinforced  control  beams) 

99*  Initial  cracking  occurred  in  both  beams  at  a maximum  concrete 
tensile  stress  of  3^0  psi  or  at  a tensile  stress  near  that  indicated  by 
the  beams'  corresponding  tensile  splitting  specimens  (table  32-)*  From 
this  point,  the  cracks  of  beam  8L  (sustained  static  test)  were,  in  gen- 
eral, slightly  larger  up  to  and  including  its  maximum  service  stresses 
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(plate  24). 

crack  sizes  noted  for  either  beam  because  the  same  equations 


However,  there  were  no  drastic  differences  in  the  maximum 

5,15 


Wmax  - 3.3d’f/Es 


/h  - kd\ 
\d  - led/ 


end 


w - 7.5FD  (h  -jdW 

max  Es  \d  - jd/  V 


f,  -S5S0) 

s FD  ) 


can  be  used  to  approximate  the  maximum  crack  widths  observed  for  each 


beam  at  reinforcement  stress  levels  up  to  or  near  25,000  psi  and  from 
25,000  to  over  40,000  psi,  respectively. 


Beam  2L  versus  beam  6L 
(conventionally  reinforced 
beams  with  steel  fibers  incor- 
porated into  lower  tensile  zones ) 


100.  Maximum  tensile  stresses  of  800  and  650  psi  resulted  in  the 

initial  cracking  of  beams  2L  and  6L,  respectively.  Plate  25  shows  that, 

from  this  point,  the  maximum  crack  widths  versus  reinforcement  stresses 

15 

can  be  related  to  the  Chi  arid  Kirstein  equation  when  its  constant  of 
7*5  is  reduced  to  2.5  for  beam  2L  and  4.4  for  beam  6l.  Since  both  of 
the  conventionally  reinforced  control  beams  (1L  and  8l)  used  the  men- 
tioned constant  of  7.5  for  this  relation,  especially  at  reinforce- 
ment stresses  greater  than  20,000  to  25,000  psi  (plate  24),  this  indi- 
cates that  this  particular  crack-arrest  technique,  i.e.,  steel  fibers 
incorporated  into  lower  tensile  zone,  may  reduce  or  control  normal  crack 
widths  by  a factor  of  1.70  to  3.00.  However,  as  most  structural  members 
support  sustained  or  prolonged  loading,  it  is  only  logical  to  assume  the 
smaller  value,  or  the  value  produced  by  sustained  loading,  to  be  the 
more  realistic. 


Beam  3^  versus  beam 
(conventionally  reinforced 
beams  with  wire-mesh  cages  posi- 
tioned  within  inner  84-in.  sections) 


101.  initial  cracking  occurred  at  maximum  concrete  tensile 
stresses  of  510  psi  for  beam  3L  and  360  psi  for  beam  % (table  32). 

This  represents  an  approximate  increase  of  25  percent  over  the  tensile 
strength  indicated  by  the  tensile  splitting  specimens*  corresponding  to 


* Tensile  splitting  specimens  were  fabricated  from  plain  concrete  mix- 
ture only  and  contained  no  wire  mesh. 
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beam  3b;  however,  there  was  no  change  in  the  indicated  and  tested  ten- 
sile strengths  of  the  concrete  for  beam  % (table  32).  Therefore,  it 
appears  from  these  limited  test  results  that  wire  mesh  may  not  signifi- 
cantly affect,  as  would  be  suspected,  the  precracking  characteristics 
of  similar  structural  members,  especially  those  subjected  to  sustained 

loading.  Plate  2 6 shows  that  adjusting  the  constant  of  the  Chi  and 
15 

Kirstein  equation  from  7.5  to  2.7  for  beam  3b  and  to  5*5  for  beam  5L 
allows  a rather  close  approximation  of  the  maximum  crack  widths  actu- 
ally observed  from  the  point  of  initial  cracking  up  to  reinforcement 
stresses  of  45,000  psi.  This  again  indicates  the  effect  that  sustained 
loading,  or  loading  that  more  nearly  represents  that  of  most  structural 
members,  may  have  on  test  specimens.  However , it  is  emphasized  that 
due  to  the  limited  testing  of  this  investigation  only  indications  and 
not  completely  valid  conclusions  are  presented. 

Beam  4b  versus  beam  7L 
(conventionally  reinforced 
beams  with  steel  fibers  incor- 
norated  into  entire  cross  sections) 

102.  Maximum  tensile  stresses  of  650  and  510  psi  resulted  in  the 
initial,  cracking  of  beams  4b  and  7b,  respectively  (table  32).  Prom  this 
point,  adjusting  the  constant  of  the  Chi  and  Kirstein  equation1^  from 
7.5  to  2.0  for  beam  4L  and  to  3.0  for  beam  7b  allows  a rather  close 
approximation  of  the  observed  crack  widths,  especially  those  cor- 
responding to  reinforcement  stresses  up  to  and  slightly  greater  than 
the  actual  stresses  that  structural  members  normally  encounter  (plate 
27).  These  differences,  along  with  those  previously  described  for 
beam  2L  versus  beam  6L  and  beam  3L  versus  beam  5b,  indicate  that  sus- 
tained loading  may  have  a significant  effect  on  the  performance  of  each 
potential  crack-arrest  technique  investigated.  Since  most  structural 
members  are  subjected  to  sustained  or  prolonged  loading,  it  appears  that 
all  equations  used  for  predicting  crack  widths  should  be  correlated 
with  results  obtained  from  sustained  testing  and  not  from  the  customary 
static  testing  procedures. 
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PART  VII : CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 


103.  The  following  conclusions  have  been  reached  based  on  the 
test  results  discussed.  Due  to  the  limited  scope  of  this  investigation, 
these  conclusions  should  be  regarded  as  tentative. 

Small  versus  larger  beam  tests 

104.  A comparison  of  the  maximum  crack  widths  predicted  through 

TO 

use  of  some  of  the  better  known  equations  0 (CEB  simplified,  Thomas , 

Odman,  etc.)  with  the  to-date  test  results  of  this  investigation  shows 
that  the  predictions  more  nearly  follow  the  test  results  obtained  from 
tests  of  the  small  beams.  This  indicates: 

a.  That  most  of  the  better  known  equations  may  have  re- 
sulted from  the  tests  or  observations  of  small  beams,  or 
essentially  models,  subjected  to  short-term  static  lead- 
ing only. 

b.  That  either  a sustained  load  or  increased  cross  section, 

and  probably  both,  may  have  more  effects  on  the  result- 

13 

ing  crack  widths  than  most  present  equations  may  indi- 
cate. Since  most  structural  members  are  subject  to  sus- 
tained or  long-term  loading,  it  is  concluded  that  future 
investigations  concerning  cracks  or  crack-arrest  tech- 
niques of  reinforced  concrete  members  should  be  concen- 
trated on  members  that  more  nearly  represent  those  found 
in  actual  structures. 

Short-term  versus  long-term 
static  tests  of  larger  beam 

105.  Since  (a)  a beam  of  each  specific  type  (conventionally  rein- 
forced control,  conventional  reinforcement  plus  wire-mesh  cages,  conven- 
tional reinforcement  plus  steel  fibers  in  lower  tensile  zone  of  cross 
section,  and  conventional  reinforcement  plus  steel  fibers  throughout  en- 
tire cross  section)  was  tested  under  both  short-  and  long-term  static  load- 
ing; (b)  since  the  test  results  of  the  control  beams  generally  followed, 


especially  at  or  near  service  loads,  the  crack  width  predictions  of  the 
Chi  and  Kirstein  equation15  of  ( d 'Z'jd)  (fs  " ; 

(c)  since  the  crack  widths  of  each  technique  (plates  25,  2 6,  and  27)  can 
be  correlated  with  the  same  equation  by  simply  adjusting  the  constant  of 
7.5,  the  effectiveness  of  each  technique  is  determined  by  comparisons 
of  the  initial  and  adjusted  constants. 

106.  The  conclusions  reached  based  on  tests  of  beams  using  each 
technique  are  as  follows : 

a.  Beams  2L  and  6L  (conventionally  reinforced  beams  with 


0.5-in. -long  steel  fibers  (2.5  percent  by  volume)  incor- 

/8-in.  tensile  zones).  Plate  25 
shows  that  a close  relationship  can  be  obtained  between 
the  predicted  and  observed  values  of  the  maximum  crack 
widths  when  the  constant  of  the  Chi  and  Kirstein  equa- 
tion15 is  adjusted  from  7.5  to  2.5  for  beam  2L  and  to  If.1* 
for  beam  6b.  This  represents  crack-width  reduction  per- 
centages of  67  and  *fl  percent  for  the  respective  beams. 
However,  since  it  is  only  logical  to  assume  that  most 
structural  members  will  be  subjected  to  sustained  load- 
tag,  the  egeattan  ^ (f,  - ^2°)  is 

the  only  one  recommended  in  conjunction  with  this  par- 
ticular technique.  Also,  since  the  effective  area  in 


uniform  tension  (Ag)  is  now 


considered  to  be 


equal  to  2(h  - cl)b  for  members  similar  to  these,  it  is 
recommended  that  this  be  the  minimum  area  in  which  steel 
fibers  are  to  be  incorporated, 
b.  Beams  3L  and  51;  (conventionally  reinforced  beams  with 
wire-mesh  cages  positioned  within  inner  84-in.  sections). 
Although  wire -mesh  cages  have  potential  as  crack  ar- 
resters, the  limited  testing  of  this  investigation  in- 
dicates that  use  of  wire -mesh  cages  is  possibly  the 
least  desirable  of  the  three  techniques  used.  This 
conclusion  is  reached  because  plate  2 6 shows  that  the 
maximum  cracks  observed  for  beam  JL  maintained  widths 
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closely  related  to  those  predicted  using  the  Chi  and 
Kirstein  equation1'5  with  an  adjusted  constant  of  5.5, 
which  represents  a crack-width  reduction  percentage  of 
27  percent.  It  is  emphasized  that  short-term  statically 
tested  beam  3L  indicated  a much  better  crack-arrest  po- 
tential; however,  for  reasons  previously  stated,  the 
equ&tion  WmaJ[  = - ^r)  is  the 

one  that  can  be  recommended  for  evaluating  this  particu- 
lar crack-arrest  technique . Also , since  all  beams  tested 
used  wire-mesh  cages  which  were  extended  into  their  maxi- 
mum shear  zones,  and  since  all  beams  failed  in  a desired 
mode,  it  can  tentatively  be  concluded  that  properly  de- 
signed* and  positioned  wire-mesh  cages  could  be  used  for 
shear  reinforcement  as  well  as  for  the  principal  objec- 
tive of  providing  techniques  for  arresting  cracks. 

Beams  4L  and  TL  (conventionally  reinforced  beams  with 
0.5-in. -long  steel  fibers  (2.5  percent  by  volume)  in- 
corporated into  entire  cross  sections).  Since  these 
beams  indicated  the  best  crack-arrest  potential  under 
both  short-  and  long-term  static  testing  (plate  27),  one 
could  conclude  initially  that  it  is  the  best  method  used. 
However,  the  cost  of  fabrication  must  be  considered  be- 
fore even  a tentative  conclusion  is  reached.  But  it  is 
emphasized  that  the  maximum  crack  widths  observed  under 
the  most  severe  testing  conditions  (long-term  static 
loading)  did  closely  follow  an  adjusted  Chi  and  Kirstein 

equation1.5  of  W - ifif®  ^ , or 

u max  Eg  Id  - jd s FD  f ’ 

crack-width  reductions  of  60  percent  when  compared  with 
conventionally  reinforced  beams.  This  also  represents 
crack-width  reductions  of  19  to  33  percent  from  those  ex- 
perienced by  the  beams  using  the  two  previously  described 

CioCiv-arrcS  u uSCiiHiQUcS  • 


* This  investigation  indicates  that  the  total  area  of  all  horizontal 
wires,  which  are  the  principal  crack  arresters,  should  not  be  less 
than  0.25  to  0.30  percent  of  the  net  area  (b  times  d)  of  concrete. 
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Summary  of  Conclusions 


107.  Based  on  a correlation  of  the  conclusions  reached  concern- 
ing each  crack-arrest  technique,  the  following  design  procedure  was 
developed. 

a.  Select  a mixture*  similar  to  the  one  described  for  the 

test  specimens  and  then  design  the  members  according  to 

" 9 

the  design  procedures  given  in  ACI  Code  318-71. 

b.  Estimate  the  maximum  crack  widths  using  the  Chi  and  Kir- 

stein  equation  ^ - Sm'j  . 

£.  Determine  the  maximum  size  of  cracks' allowable  using  ref- 
erence 13  as  a guide  for  specific  environmental  condi- 
tions. Then  use  the  most  economical  of  the  three  de- 
scribed techniques  with  the  expectation  that  under  normal 
service  loads  (a)  0.5-in. -long  steel  fibers  (2.5  percent 
by  volume)  incorporated  into  the  zone  of  uniform  tension 
will  reduce  the  maximum  anticipated  crack  widths  by  ap- 
proximately hi  percent;  (b)  properly  designed  and  posi- 
tioned wire  meshes  will  reduce  the  maximum  anticipated 
crack  widths  by  approximately  27  percent;  and  (c)  0.5- 
in.  -long  steel  fibers  incorporated  into  the  entire  cross 
section  will  reduce  the  maximum  anticipated  crack  widths 
by  approximately  60  percent. 

Future  Research  Recommended 

108.  The  previously  cited,  tentative  conclusions  were  based  on 
laboratory  t-ots  only;  therefore,  it  is  recommended  that  a series  of 
beams  be  tested  in  an  outdoor  climate  such  as  that  found  at  the  Treat 
Island  Exposure  Station,  Maine. 

109.  Each  test  specimen  would  be  subjected  to  its  normal  working 

* The  mixture  selected  could  be  very  important  because  the  bond  between 
the  fibers  and  mixtures  could  be  affected  by  the  size  of  aggregates 
selected. 
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load  for  a prolonged  period  of  time  from  which  valuable  information  could 
be  obtained  on  the  possible  effects  that  a changing  environment  could 
have  on  the  crack-arrest  techniques  under  present  consideration. 

110.  This  information  combined  with  the  laboratory  tests  outlined 
in  this  report  would  then  allow  one  to  make  more  lasting  conclusions  on 
the  actual  practical  capabilities  of  each  crack-arrest  technique  showing 
promise  during  laboratory  testing. 
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Table  1 


Concrete  Mixture  for  Reinforced  Concrete  Members 
Mixture  for  94-lb  Batch* 


Mixture 

Volume 
cu  ft 

Weight 

lb 

Type  II  cement  (RC-622) 

0.479 

94.0 

Limestone 

fine  aggregate  (CRD-MS-17(3)) 

2.154 

358.3 

Limestone 

coarse  aggregate  (CRD-G-3l(7) ) 

2.069 

349.4 

Water 

1.297 

80.8 

* Water-cement  ratio  by  weight,  0.86;  slump,  2 + 1/2  in.;  cement 
content,  U23  lb/cu  yd. 


Table  2 

Compressive  and  Tensile  Strengths  of  Individual 
Batches  of  Plain  Concrete  for  Small  Beams 


Batch 

ilo. 

Age  of  Rain 
Concrete 
when  Tested  • 
days 

Beams  Made 
from  In- 
dicated Batch 

Compressive 

Strength 

psi 

Splitting 
Tensile 
Strength 
psi  . 

1 

28 

1-3 

3510 

Not  recorded 

2 

35 

4-7 

2510 

295 

3 

28 

8-10 

2470 

400 

4 

28 

11-14 

2950 

430 

63 


Table  3 

Compressive  and  Tensile  Strengths  of  Individual  Batches  of  Steel 


Fiber-Reinforced  Plain  Concrete  Mixture  for  Small  Beams 


Length 


Age  of 
Fiber- 
Reinforced 
Concrete 


Latch  of  Fiber  When  Tested  Representing 
No.  in.  days  Beam  No. 


Compressive 

Strength 


Not  recorded 
Not  recorded 


Table  4 


Properties  of  Steel  Fibers  Used 


Serial 

No. 


Length  of 
Fiber 
in.* 


Cross -Sectional 
Dimension  of 
Fiber 
in.-* 


Ultimate 

Tensile 

Strength 

psi* 


CRD-S-F-1 


CRD-S-F-2 


0.01  by  0.01 
0.01  by  0.01 


55,000 

55,000 


* As  given  by  manufacturer . 


Table  5 


zregate  Grading  for  Epoxy-Resin  Concrete 


Passing 

Retained 

Percent! 

Sieve 

on  Sieve 

by  Weigl 

3/8  in. 

No.  4 

25.2 

No,  4 

No.  8 

17.3 

No.  8 

No.  16 

13.9 

No.  16 

No.  30 

10.6 

No.  30 

No.  50 

8.0 

No.  50 

No.  100 

6.5 

No.  100 

18.5 

{ 


4 


Table  7 


Suanagr  of  Test  Results  for  Bean  1* 


Concrete  Strain  Maximum  Dimension 


Time 

min 

Total 

Load 

lb 

Midspan 

Deflection 

in. 

Reinforcement 

Strain 

millionths 

Compressive 

millionths 

Average** 

Tensile 

millionths 

of  Crack 
Width,  in. 

Mt  Dt 

Depth 
i n. 

0 

0 

0 

0 

0 

0 

6 

0 

0 

5 

500 

0.004 

45 

40 

30 

0 

0 

0 

8 

1,000 

0.010 

95 

90 

100 

0 

0 

0 

13 

1,500 

0.016 

l4o 

130 

160 

0 

0 

0 

25 

2,000 

0.025 

215 

175 

220 

0.0010 

0 

0 

3^ 

2,500 

0.031 

260 

215 

300 

0.0015 

0.0008 

1.15 

45 

3,000 

0.039 

340 

280 

390 

0.0015 

0.0010 

3.22 

55 

3,500 

0.046 

415 

330 

480 

0.0020 

0.0013 

4.38 

67 

4,000 

0.054 

480 

370 

560 

0.0020 

0.0015 

4.38 

75 

0 

0.013 

-40 

30 

-10 

0.0003 

0.0001 

— 

92 

4,000 

0.053 

450 

380 

550 

0.0020 

0.0015 

4.38 

95 

4,500 

0.0o2 

540 

435 

610 

0.0020 

0.0017 

4.38 

99 

5,000 

0.069 

600 

475 

690 

0.0022 

0.0019 

4.38 

103 

5,500 

0.080 

690 

545 

790 

0.0023 

0.0021 

4.75 

112 

6,000 

0.085 

730 

575 

840 

0.0023 

0.0022 

4.75 

117 

6,500 

0.094 

805 

635 

940 

0.0023 

0.0024 

4.75 

121 

7,000 

0.103 

885 

690 

1000 

0.0023 

0.0026 

4.75 

125 

7,500 

0.112 

940 

740 

1080 

0.0025 

0.0028 

4.75 

130 

8,000 

0.120 

1030 

810 

1180 

0.0030 

0.0030 

4.95 

l4l 

0 

0.014 

-30 

100 

25 

0.0008 

0.0002 

— 

1 66 

8,000 

0.126 

1035 

840 

1155 

0.0032 

0.0031 

5.18 

170 

8,500 

0.133 

1100 

890 

1265 

0.0032 

0.0033 

5.18 

173 

9,000 

0.142 

1165 

945 

1330 

0.0032 

0.0035 

5.18 

175 

9,500 

0.150 

1240 

1000 

1420 

0.0032 

0.0037 

5.18 

179 

10,000 

0.162 

1325 

1080 

1520 

0.0035 

0.0039 

5.20 

182 

10,500 

0.173 

1400 

1160 

1610 

o.oo4o 

0.0042 

5.20 

187 

11,000 

0.187 

1480 

1240 

1700 

0.0040 

0.0044 

5.20 

189 

11,500 

0.200 

1565 

1315 

1795 

o.oo4o 

0.0047 

5.20 

195 

12,000 

0.215 

1655 

1385 

1900 

o.oo4o 

0.0050 

5.20 

201 

12,500 

0.232 

1790 

1560 

2040 

0.C040 

0.0055 

5.20 

209 

13,000 

0.589 

4530 

3830 

9400 

0.0500 

0,0407 

6,31 

211 

13,450ft 

-- 

— 

— 

.. 

mm 

* Beam  1 was  conventionally  reinforced  and  used  as  a control  beam  for  group  1. 

**  Average  tensile  strain  is  average  for  middle  onc-third  of  beam, 
t M - measured  using  microscope}  D - measured  using  Demec  disk, 
ft  Could  not  sustain  load  at  this  level.  Flexural  compressive  failure  occurred. 


Table  8 

Summary  of  Teat  Sesults  for  seam  g» 


Concrete  Strain 


Total 

Midspan 

Reinforcement 

Average** 

. Maximum  Dimension  of  Cri 

sek 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width. 

1 

Depth 

min 

lb 

in. 

millicnthr 

millionths 

millionths 

Mt 

Dt 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

b 

900 

0.003 

20 

25 

DO 

0 

0 

0 

8 

1,000 

0.006 

bO 

55 

50 

0 

0 

0 

12 

l,f,X> 

0.010 

75 

95 

80 

0 

0 

0 

17 

2,100 

0.013 

115 

125 

120 

0 

0 

0 

20 

2,500 

0.016 

155 

170 

160 

0 

0 

0 

2b 

3,000 

0.022 

195 

215 

220 

0 

0 

0 

28 

3,500 

0.027 

2b5 

260 

270 

0 

0 

0 

33 

b,000 

0.035 

295 

310 

3bo 

0 

0 

0 

37 

0 

0.019 

65 

!*5 

00 

0 

0 

0 

53 

b,000 

0.038 

310 

330 

370 

0 

0 

0 

56 

b,500 

0.0b6 

370 

380 

bbO 

0 

0 

0 

a 

5,000 

0.053 

bbO 

b35 

510 

0 

0 

0 

88 

5,500 

0.066 

520 

505 

610 

0.0008 

0.0018 

— 

10b 

6,000 

0.077 

61C 

575 

710 

0.0015 

0.0020 

0.34 

118 

6,500 

0.087 

695 

635 

800 

0.0018 

0.0023 

1*3$ 

129 

7,000 

0.098 

805 

710 

910 

0.0020 

0.0025 

1.36 

139 

8,000 

0.119 

995 

835 

1120 

0.0030 

0.0029 

1.96 

153 

0 

0.033 

235 

185 

275 

0.0005 

0.0008 

— 

1(0 

8,000 

0.127 

1070 

890 

1205 

0.0030 

0.0031 

1.96 

165 

9,000 

0.1b5 

1025 

1025 

1385 

0.0035 

0.0037 

3.62 

178 

10,000 

0.172 

lbbO 

U.90 

1615 

0.0038 

O.OObl 

*♦.05 

193 

11,000 

0.200 

1610 

1355 

1835 

O.OObO 

0.00b6 

*i.05 

203 

12,000 

0.223 

1800 

15b0 

2055 

O.OObO 

0.0050 

4.05 

212 

13,000 

0.251 

20b0 

1750 

2270 

o.oobs 

0.0053 

*♦.05 

-- 

13,700tt 

-- 

-- 

-* 

— 

" 

-- 

— 

< Bean  2 was  similar  to  beam  1 (control  beam)  except  1/2-in. -long  steel  fibers  were  added  to  its  concrete  mixture. 
**  Average  tensile  strain  is  average  for  m'ddle  one-third  of  beam, 
t M - measured  using  microscope;  D - measured  using  Demec  disk. 

♦t  Could  not  sustain  load  at  this  level. 


Table  9 

Susmary  of  Test  Results  for  Beam  8* 


Time 

Toted 

Load 

Midspan 

Deflection 

Reinforcement 

Strain 

Concrete  Strain 

Average** 

Compressive  Tensile 

Maximum  Dimension  of  Crack 

Width . in.  Deoth 

min 

lb 

in. 

millionths 

millionths 

millionths 

flt 

Dt 

In. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

10 

500 

0.001 

"0 

30 

CO 

0 

0 

0 

13 

1,000 

0.002 

b5 

60 

75 

0 

0 

0 

15 

1,300 

0.007 

So 

100 

105 

0 

0 

0 

19 

2,009 

0.012 

105 

lbO 

150 

0 

0 

0 

20 

2,500 

0.016 

155 

185 

200 

0 

0 

0 

22 

3,090 

0.023 

210 

£35 

2b5 

0 

0 

0 

27 

3,500 

0.0?9 

270 

205 

310 

0 

0 

0 

3? 

b,000 

0.038 

350 

350 

385 

0.000b 

0.0015 

— 

'0 

0 

0.02a 

100 

75 

125 

— 

0.0003 

— 

bj 

b,000 

O.ObO 

375 

365 

bl5 

0.0010 

0.0017 

.. 

55 

b,500 

0,0b  6 

b?5 

bl5 

b65 

0.0010 

0.0019 

0.95 

73 

5,000 

0.056 

b9C 

b75 

550 

0.0020 

0.0022 

1-55 

90 

6,090 

0.073 

CbO 

595 

720 

0.0020 

0.0027 

2e65 

103 

7,000 

0.039 

M10 

735 

900 

o.ooeo 

0.003b 

b,17 

119 

8,000 

0.110 

960 

865 

1095 

0.0005 

O.OObO 

b.25 

121 

0 

0.02b 

£15 

I85 

270 

0.0010 

0.0011 

• . 

122 

8,000 

0.109 

1000 

895 

Ub5 

0.0030 

0.00b2 

b.25 

126 

9,009 

0.129 

UbO 

1020 

1310 

0.0030 

O.OOb8 

b.35 

lb2 

10,000 

0.155 

1315 

1190 

1505 

0.0035 

0.0056 

b.35 

153 

11,000 

0.1® 

lb90 

1375 

1695 

0.0035 

O.OOf.3 

b.35 

166 

12,000 

0.205 

1675 

1615 

1910 

O.OObO 

0.0062 

b.J8 

1 9 AAA 

A «v»1 

1 C*-** 

».  w 

J-VyV 

5C-J-3 

U.V050 

u.woo 

19b 

lb, 000 

0.266 

2000 

2100 

2350 

0.0050 

0.0088 

b.38 

207 

lb, 000 

0.308 

2100 

2295 

2625 

.. 

.. 

•• 

— 

lb,5£0»» 

— 

— 

— 

•• 

•• 

— 

* Beam  1 was  similar  to  the  control  learn  except  that  1-in. -long  steel  fibers  were  added  to  Its  concrete  mixture. 
" Average  tensile  strain  is  average  for  middle  or.o-thlrd  of  beam, 

f M - measured  using  microscope;  D - measured  using  Denec  disk, 
tt  Could  not  sustain  load  at  this  level. 


Table  10 

^Trmr  Tr«*  f>  iw« u* 


Total 

Load 

Kids pan 
Da fl action 

Reinforcement 

Strain 

Concrete  Strain 

- 

Tima 

Ocnpreaalve 

Tm*  11* 

”width . in . r 

"‘fa 

pin 

lb 

in. 

ailllcntha 

Billionths 

mill tenths 

Mt 

ja* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

500 

0.002 

25 

25 

20 

0 

0 

0 

8 

1,000 

0.006 

50 

60 

60 

0 

0 

0 

15 

1,500 

0.012 

105 

100 

120 

0 

0 

0 

19 

2,000 

0.019 

195 

155 

210 

0 

0 

0 

25 

2,500 

0.029 

305 

200 

310 

0.0015 

0.0015 

2,76 

34 

3,000 

0.038 

415 

260 

470 

0.0020 

0.0020 

3.65 

48 

3,500 

0.046 

520 

315 

570 

0.0020 

0.0025 

3,74 

60 

4,000 

0.059 

610 

375 

660 

0.0020 

0.0029 

3.96 

72 

0 

0.031 

175 

50 

170 

0.0020 

0.0011 

3.96 

75 

4,000 

0.060 

620 

390 

710 

0.0025 

0.0031 

4.24 

82 

5,000 

0.078 

775 

475 

890 

0.0030 

0.0038 

0.0048 

4.28 

100 

6,000 

0.114 

970 

640 

1120 

o.oo4o 

4.52 

112 

7,000 

0.126 

1120 

700 

1370 

o.oo4o 

0.0056 

4.59 

120 

8,000 

0.147 

1215 

795 

1530 

— 

0.0063 

4.59 

125 

9,000 

0.130 

1445 

960 

1790 

0.0050 

0.0074 

4.62 

132 

10,000 

0.205 

1585 

1040 

1990 

0.0060 

0.0061 

4.62 

l4o 

11,000 

0.238 

1775 

1205 

2220 

0.0065 

0.0090 

4.62 

152 

12,000 

0.319 

2190 

1610 

2640 

0.0180 

0.0125 

4.63 

12,700tt 

* Bean  4 vu  conventionally  reinforced  and  ueed  as  a control  bean  for  (roup  2. 
**  Average  tensile  strain  la  average  for  Kiddle  one-third  of  bean. 

♦ M - measured  using  microscope;  D • measured  using  Deaaec  disk, 
tt  Bean  could  not  sustain  load  at  this  level* 


Table  11 

a««vy  °r,Stf*  tor  5* 


Time 

Total 

Load 

Midxptn 

Deflection 

Reinforcement 

Strain 

Concrete  Strain 

Average** 

Compressive  Tensile 

Maximum  Distension  of  Crack 
Width,  in.  Depth 

min 

lb 

in. 

million  the 

millionths 

a *11 tenths 

Mt 

Pt 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

500 

0.001 

30 

25 

10 

0 

0 

0 

9 

1,000 

0.005 

50 

70 

60 

0 

0 

0 

12 

1,500 

0.008 

65 

85 

60 

0 

0 

0 

17 

2,000 

0.013 

90 

130 

80 

0 

0 

0 

£0 

2,500 

0.018 

130 

155 

200 

0 

0 

0 

24 

3,000 

0.028 

180 

210 

240 

0 

0 

0 

29 

3,500 

0.034 

265 

250 

320 

0 

0 

0 

35 

4,000 

0.045 

335 

315 

440 

0.001 

0.0013 

4.0 

65 

0 

0.012 

110 

60 

no 

— 

0.0004 

— 

76 

4,000 

0.051 

380 

325 

510 

0.001 

0.0014 

4.0 

84 

5,000 

0.077 

505 

420 

670 

0.002 

0.0018 

4.22 

100 

6,000 

0.0W 

643 

515 

860 

0.002 

0.0025 

4.70 

130 

7,000 

0.107 

790 

635 

1090 

0.002 

0.0031 

4.70 

135 

8,000 

0.128 

950 

735 

1310 

0.002 

o.ooko 

4.70 

156 

0 

0.024 

205 

155 

250 

.. 

0.00C6 

4.70 

168 

8,000 

0.137 

1015 

785 

1360 

0.002 

0.0041 

4.71 

190 

9,000 

0.157 

1155 

895 

1520 

0.002 

0.0044 

4.74 

211 

10,000 

0.180 

1305 

1030 

1720 

0.002 

0.001.9 

4.7k 

228 

11,000 

0.210 

1455 

1185 

1920 

0.003 

0.0054 

4.75 

239 

12,000 

0.236 

1625 

1360 

2160 

0.003 

0.0060 

4.75 

245 

13,000 

0.262 

1770 

1510 

2340 

0.003 

0.0065 

4.75 

In ,000 

y.jw 

£015 

1750 

2750 

0.003 

0.0058 

4.75 

— 

l4,800tt 

— 

— 

— 

-- 

• • 

— 

.. 

* Bean  5 was  slsillar  to  the  control  bean  (bean  4)  except  the  aiddle  one-third  section  vas  reinforced  vlth  a 
3-  by  8-  by  36-ln.  vlre-mesh  cage. 

••  Average  tensile  strain  is  average  for  middle  one-third  of  bean, 
t K - measured  using  microscope;  0 • Matured  using  Bate:  disk, 
tt  Beat;  could  not  sustain  load  at  this  level. 


• t 


Table  12 

Sumaarv  of  Teat  Results  for  Bean  6* 


Concrete 

Strain 

Total 

Midspan 

reinforcement 

Average** 

Maximum  Dimenelon  of  Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width. 

in. 

Depth 

min 

lb 

in, 

millionths 

millionths 

millionths 

Mt 

Dt 

int 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8 

500 

0.003 

b5 

35 

30 

0 

0 

0 

12 

1,000 

0.009 

80 

70 

120 

0 

0 

0 

15 

1,500 

0.013 

105 

no 

IbO 

0 

0 

0 

17 

2,000 

0.017 

125 

IbO 

170 

0 

0 

0 

21 

2,500 

0.022 

155 

185 

200 

0 

0 

0 

26 

3,000 

0.029 

180 

235 

235 

0 

0 

0 

26 

3,500 

0.033 

220 

275 

270 

0 

0 

0 

33 

b,000 

0.039 

2?  5 

320 

3 bO 

0 

0 

0 

38 

0 

0.007 

60 

30 

50 

0 

0 

0 

51 

b,000 

0.039 

260 

320 

330 

0 

0 

0 

5,000 

0.050 

365 

blO 

b30 

0.0020 

0.0005 

2.0 

79 

6,000 

0.071 

770 

610 

€80 

O.OObO 

0.00b6 

2.0 

99 

7,000 

0.005 

980 

755 

890 

0.00b5 

0.0075 

3.1 

121 

8,000 

0.131 

1355 

970 

1100 

0.0100 

0.0113 

3.9 

lbl 

0 

0.036 

295 

100 

130 

0.0030 

0.0036 

168 

8,000 

0.13b 

1375 

965 

1160 

0.0070 

O.Olbb 

b.6 

IQ* 

9,000 

0.165 

1675 

1105 

1370 

0.0180 

0.0202 

b.6 

223 

10,000 

J .202 

20bb 

1280 

1780 

0.03b0 

0.0292 

b.6 

238 

11,000 

0.27b 

2320 

1670 

2570 

0.0b50 

0.0b33 

b.6 

— 

12,000tt 

-- 

— 

— 

— 

— 

— 

.. 

* Beam  6 was  similar  to  team  t (control  bean)  except  the  bottom  1-1/2  In.  was  fabricated  with  epoxy-resin  concrete. 
**  Average  tensile  strain  Is  average  for  middle  one-third  of  beam, 
t M - measured  using  microscope;  D - measured  using  Demec  disk, 
tt  Beam  could  not  sustain  load  at  this  level. 


Table  13 

Summary  of  Test  Results  for  Beam  7* 


Concrete  Strain 


Total 

Mldcpan 

Felnfor cement 

Average" 

Maximum  Dimension  of  Crack 

Time 

Load 

Deflection 

Strain 

C<*pressive 

Tensile 

Width. 

in. 

Depth 

min 

lb 

in. 

millionths 

millionths 

millionths 

Mt 

Dt 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

500 

0.006 

70 

15 

bO 

0 

0 

0 

10 

1,000 

o.on 

95 

75 

80 

0 

0 

0 

13 

1,500 

O.Olb 

105 

100 

100 

0 

0 

0 

20 

2,000 

0.017 

135 

130 

IbO 

0 

0 

0 

25 

2,500 

0.021 

155 

165 

l8o 

0 

0 

0 

31 

3,000 

0.025 

175 

200 

210 

0 

0 

0 

36 

3,500 

0.030 

200 

2b0 

2b0 

0 

0 

0 

bO 

b,000 

0.03b 

220 

280 

280 

0 

0 

0 

50 

0 

0.005 

ro 

20 

bO 

0 

0 

0 

55 

b.OOO 

0.033 

215 

285 

280 

0 

0 

0 

57 

5,000 

O.Obl 

260 

370 

350 

0 

0 

0 

60 

6,000 

0.06b 

305 

b€0 

360 

o.ooe 

0.0010 

3.3? 

73 

7,000 

0.08b 

715 

725 

500 

0.007 

0.0009 

3.7 r 

90 

8,000 

0.116 

959 

900 

670 

0.008 

0,0070 

b.lo 

10? 

0 

0.0b9 

325 

220 

220 

0.002 

0.0019 

b.18 

112 

8,000 

0.131 

1075 

975 

730 

0.006 

0.007b 

b.18 

120 

9.000 

0.15J 

1235 

1115 

1190 

o.ooe 

0.0066 

b.b2 

130 

10,000 

0.179 

15l*o 

IcoO 

luQO 

C.CO? 

A-Aievt 

wiviwi 

?f  t CO 

135 

11,000 

0.216 

1020 

1615 

i960 

0.017 

0,012b 

5.22 

155 

12,000tt 

0.6rb 

— 

— 

— 

— 

— 

-- 

* Beam  7- was  similar  to  control  beam  b except  that  the  bottom  3 in,  was  fabricated. with  epoxy-resin  concrete. 
*•  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 

» H - measured  using- microscope;  D - measured  using  Demec  disk, 
it  Beam  could  not  sustain  load  at  this  level. 
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Table  lit 

"»'’***  Semite  for  Bases  8« 


Concreta  Strain 


Total 

Midspan 

Reinforcement 

Average” 

fexlsat* 

Dimension  of 

Creek 

Time 

Load 

Detlection 

Strain 

Compressive 

Tensile 

width 

Depth 

min 

lb 

in. 

millionths 

millionths 

mill lent he 

_M£_ 

‘.  in.^ 

ln._ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

500 

0.002 

30 

35 

50 

0 

0 

0 

8 

1,000 

0.004 

50 

70 

65 

0 

0 

0 

13 

1,500 

0,011 

75 

150 

105 

0 

0 

0 

18 

s,  coo 

0.019 

110 

155 

170 

0 

0 

0 

34 

2,500 

0.028 

160 

245 

245 

0.0005 

0.0011 

1.15 

39 

3,000 

o.o4o 

335 

330 

370 

0.0010 

0.0014 

2.20 

54 

3,500 

0.052 

455 

400 

415 

0.0010 

0.0018 

3.1 

73 

4,000 

0.064 

550 

475 

620 

0.0013 

0.0022 

3.1 

81. 

0 

0.025 

190 

150 

180 

— 

0.0008 

9? 

4,000 

0.069 

590 

490 

660 

— 

0.0025 

94 

5,000 

0.099 

750 

615 

855 

0.0025 

0.0031 

3.96 

109 

6,000 

0.113 

915 

755 

1085 

C.0032 

0.0039 

3.96 

122 

7,000 

0.143 

1115 

945 

1,315 

0.0040 

0.0047 

4.18 

134 

8,000 

0.169 

1295 

1125 

1565 

0.0045 

0.0056 

4.6 

141 

0 

0.046 

250 

285 

320 

• • 

0.0012 

204 

8,000 

0.178 

1290 

1180 

1595 

0.0050 

0.0055 

4.6 

£17 

9,000 

0.208 

1455 

1370 

1845 

0.0050 

0.0063 

4.6 

221 

10,000 

0.237 

1625 

1560 

2070 

0.0050 

0.0069 

U.6 

227tt 

n,ooo 

0.269 

I895 

1820 

2360 

0.0075 

0.0080 

4.6 

* This  bean  was  used  as  control  beset  for  group  3. 

**  Average  tensile  strain  Is  average  for  middle  one-third  of  beam. 

♦ M - measured  using  microscope;  D - measured  using  Demec  disk, 
ft  Beam  failed  in  a flexural  compressive  mode. 


Table  15 


■Turnery  of  Test  Results  for  Beam  9* 


Total 

Midi:  pan 

Reinforcement 

Concrete 

Strain 

Average** 

Maximum  Dimension  of  Creek 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width. 

in* 

Depth 

rain 

lb 

in# 

millionths 

nillionth* 

millionths 

Mt 

Dt 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

15 

500 

0.004 

10 

15 

20 

0 

0 

0 

19 

1,000 

0.008 

25 

60 

40 

0 

0 

0 

25 

1,500 

0.010 

50 

105 

90 

0 

0 

0 

£9 

2,000 

0.014 

70 

145 

l4o 

0 

0 

0 

35 

2,5-W 

0.018 

105 

200 

180 

0.001 

0.0007 

1.67 

ff 

/S 

3,000 

0.022 

14f, 

240 

220 

0.001 

0.0008 

2.10 

115 

9 

0.00-4 

35 

75 

60 

— 

0.0003 

-- 

130 

3,000 

0.032 

190 

310 

3% 

— 

0.0011 

*•» 

132 

3,500 

0.039 

?70 

365 

390 

0.0013 

0.0013 

3.50 

140 

4,000 

0.051 

355 

460 

520 

0.0020 

0.0018 

3.80 

165 

0 

O.OiC 

85 

145 

150 

-• 

0.0005 

mm 

ICO 

4,050 

0.054 

375 

465 

5C0 

— 

0.0018 

— 

1*4 

5,090 

0.071 

520 

575 

740 

0e00?5 

0.0023 

4.3 

173 

*9,000 

0.9# 

660 

730 

980 

0.0030 

0.0028 

4.3 

182 

7,090 

0.116 

8?5 

885 

1190 

0.0035 

0.0033 

4.75 

£17 

0 

0.031 

145 

£80 

260 

.. 

0.0007 

.. 

27 

7,000 

0.117 

835 

975 

1210 

•• 

0.0033 

-- 

'41 

8,000 

0.144 

M 

10*55 

1360 

0.0035 

0.0038 

4.75 

9,000 

0.165 

1055 

1235 

1570 

0.0035 

0.001(2 

4.75 

vy> 

10,000 

0.195 

1215 

1430 

17* 

0.0045 

0.0047 

4.95 

'•HO 

11,000 

0.224 

1330 

1645 

1990 

0.0050 

0.0054 

4.95 

.'64 

12,C*V> 

0.257 

1500 

1 m 

2230 

0.0055 

0.0062 

4.95 

:n\ 

13,009 

0.13)’* 

la-0 

264n 

0.0230 

0.0095 

5.6 

£9i»«- 

13,000 

o,toD 

. 5570 

5520 

0.0434 

* Boras  9 was  conventionally  reinforce ( an-l  hod  a trouble  layer  of  wire  rresh  attached  to  its  regular  layer  of 
tensile  reinforcement. 

Average  tensile  strain  Is  avera for  middle  or.o-thir  l of  bean. 

M - rvacurtd  usin-  microscope;  It  - measured  using  Deuce  dick. 

Sear:  fa Ilr  l In  a ri':<ura>  ■'ORprr-salvr.  rob'. 


tr 
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Table  16 

Sunaary  of  Teat  Results  for  3eaa  j.0* 


Concrete 

Strain 

- - 

Total 

XiJ.ipan 

Reinforcement 

Average** 

Mutlmum  Dimension  of  Crack 

Tine 

Load 

reflection 

Struin 

Compressive 

Tensile 

Width. 

in. 

Depth 

min 

lb 

in. 

millionths 

millionths 

millionths 

Mt 

Dt 

In. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

15 

500 

0.003 

15 

30 

30 

0 

0 

0 

1,000 

o.<xx> 

30 

65 

70 

0 

0 

0 

20 

1,500 

0.010 

55 

90 

90 

0 

0 

0 

23 

r,oo o 

0.014 

85 

125 

120 

0 

0 

0 

27 

2,500 

0.019 

115 

165 

170 

0 

0 

0 

31 

'4,000 

0.029 

165 

TOO 

230 

0 

0 

0 

39 

3,500 

0.033 

250 

250 

315 

0.0005 

0.0011 

0.55 

57 

4,000 

G.0L3 

3>->5 

320 

445 

0.0008 

0.0012 

2.45 

•a 

0 

0.015 

105 

50 

135 

— 

— 

— 

75 

l|,C00 

C.0**6 

305 

325 

475 

.. 

0.0014 

93 

5,000 

O.O63 

5I15 

445 

710 

0.0010 

0.0022 

2.93 

10-j 

6,000 

0.079 

670 

540 

860 

0.0010 

0.0027 

3.72 

116 

7,000 

0.101 

620 

645 

1100 

0.0912 

0.0034 

4.35 

1<:4 

6,000 

0.120 

950 

770 

1255 

0.0015 

0.0040 

4.30 

131 

0 

0.026 

185 

150 

240 

• • 

0.0008 

__ 

lrii 

6,000 

0.125 

950 

790 

1250 

0.0015 

o.oo4o 

4.30 

1<9 

9, 090 

o.im 

1080 

945 

1440 

0.0018 

0.0047 

4.58 

M7 

10,0:0 

0.165 

1205 

1070 

1610 

0.0020 

0.0052 

4.9 

239 

11,000 

0.189 

13?0 

1235 

1795 

0.0024 

0.0059 

4.9 

as 

IT, 000 

0.213 

1490 

1410 

201:5 

0.0025 

0.0065 

4.9 

:fv 

13,000 

0.239 

1625 

1590 

2234 

0.0025 

0.0071 

4.9 

279 

11,000 

o.A7 

184b 

1800 

2485 

0.0025 

0.0079 

4.9 

p<*!, 

15,000ft 

•• 

*“ 

“* 

*• 

— 

« 

Beam  10  used  a 3* 

by  8-  by  30- in. 

wire-nesh  cage  with  its  vertical  vires  clipped  throughout  its  inner 

ffc-In.  section* 

** 

Average  tensile  s 

train  was  average  for  ald-ile  one. 

-third  of  t eam. 

» 

M - measured  us  In 

!*  microscope;  D 

- measured  using  Demcc  disk. 

tt 

Bean  couli  r.ot  su 

stain  load  at  * hi-  level. 

nummary  of 

Table  17 

Test  He cults  for 

Be-or.ll * 

Total 

Kids,'  -VI 

Reinforcement 

Concret 

drain 

Average' 

Maximum  Dimension  of  Cr’tck 

Tir,'- 

Load 

Do  fleet ion 

ft  rain 

Compressive 

Tensile 

Width; 

in. 

itrth 

min 

u 

In. 

millionth^ 

.’iilllonlhs 

millionths 

Mt 

Dt 

in. 

0 

c* 

0 

n 

0 

0 

0 

0 

0 

Ik 

r/y~i 

0.003 

u 

39 

30 

0 

0 

0 

16 

c.c-0-’j 

35 

60 

JiO 

0 

0 

0 

1 

1,500 

ft.GOS 

5* 

85 

70 

0 

0 

0 

' %CStj 

0.0U 

75 

120 

100 

0 

0 

0 

' 7 

V,''S> 

o.0lp 

1<--j 

160 

140 

0 

0 

0 

-1 

3fcc*c 

<1,0  V* 

14o 

roo 

190 

0 

0 

0 

*i 

6."JI 

■ It 

r.50 

2eO 

0 

0 

‘ 

htC  0 

iho 

105 

3.0 

o.ooro 

0.COI* 

.75 

« 

r.607 

*'o 

^0 

no 

— 

o.c^  :* 

-- 

V 

l./r,; 

r .otl* 

*25 

4ro 

o.co:  ** 

r ,o,U» 

4.74 

W'" 

•'.OCT' 

r7. 

L.-5 

•in 

0.00“  c 

4.76 

1'7 

r ,0-1^, 

T‘l 

536a 

-10 

0.00:5 

n.<X>€ 

L .7r5 

1 1 

7//VJ 

.104 

»;o 

'-Lo 

le*v» 

o.oor  1 

0,r<’’*0 

*,.*/* 

l / 

*,<  "O 

0.1^-* 

1676. 

765 

1<'50 

o.c-cLo 

5 .55 

It-:. 

..149 

l: ' t 

14CO 

o.rvj.r. 

5.^ 

1 L 

1«V"> 

' .17'. 

13  6. 

K/t 

Vj  -j 

a ,rv, !, 

* ,»/) 

i 

i.1,  ' 

-.A  * J 

sr 

-%rr~ 

* # "■ 

ufc 

i 

o.r-  •> 

i",. 

1305 

l:>/> 

n,eK>^ 

o.»YQi 

♦ .to 

17. 

3 

•• 

■**■ 

"" 

* -**ic  i ••vi  «%'  usf 1 xo  control  U'ik  for  rriyip  L. 

%*  *u*t*-*  t*  r ’Uc  z*  r*< In  la  r«Y «*r-«  wr  r.i  llln  ene-thSr!  of  b.vun. 


,*!  - r*  '<  •m.'I  usK  • r ifzroztQj*  ; I*  - tvaaml  msItj!  Del***  dla^. 

Lc-V  - -oXi  r.jt  ,-u  1 1:'J  r*  1 ••_  level  '/i  I ?v»Hr>l  In  n flexural  .^erevslv*’  node. 
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Table  18 

Sty  of  Test  Results  for  Bssk-12* 


Total 

Midspan 

Reinforcement 

Concrete 

Mfixtff'n  "imenalon  of 

Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

k width. 

in. 

Depth 

■In 

lb 

In. 

millionths 

millionths 

millionths 

bf 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 

500 

0.0C5 

20 

25 

30 

0 

0 

0 

9 

1,000 

0.0C9 

35 

60 

60 

0 

0 

0 

12 

1,500 

0.014 

55 

85 

100 

0 

0 

0 

15 

2,000 

0.019 

75 

115 

i4o 

0 

0 

0 

18 

2,500 

0.024 

95 

150 

170 

0 

0 

0 

22 

3,000 

0.029 

120 

185 

210 

0 

0 

0 

26 

3,500 

0.033 

140 

215 

230 

0 

0 

0 

28 

4,000 

0.037 

160 

250 

270 

0 

0 

0 

34 

0 

0.004 

10 

5 

30 

0 

0 

0 

39 

4,000 

0.038 

160 

245 

260 

0 

0 

0 

W. 

5,000 

0.048 

200 

315 

340 

0 

0 

0 

46 

6,000 

0.056 

245 

365 

420 

0 

0 

0 

51 

7,000 

O.065 

290 

460 

490 

0 

0 

0 

5 6 

8,000 

0.078 

340 

540 

580 

0 

0 

0 

63 

0 

0.009 

25 

50 

50 

0 

0 

0 

67 

8,000 

0.079 

350 

56o 

590 

0 

0 

0 

72 

9,000 

0.069 

bOO 

640 

670 

0 

0 

0 

77 

10,000 

0.102 

465 

735 

780 

0 

0 

0 

82 

n,000 

0.U6 

530 

850 

900 

0 

0 

0 

86 

12,000 

0.147 

610 

975 

980 

0.025 

0.021 

6,37 

• . 

13,000tt 

— 

•• 

— 

— 

— 

— 

**• 

13,900# 

•• 

" 

“ 

" 

* 

In  the  lower  2-1/2  in.  of  bean  12 

, epoxy-resin  concrete  was  used  in  lieu  of  normal  concrete. 

** 

Average  tensile  strain  is  average 

for  Biddle  one 

•third  of  beam. 

t 

M - measured  using  microscope;  D 

- measured  using  Demec  dish. 

tt 

The  beam  began  yielding  with  no  additional  load. 

* 

Be  a*  experienced  a 

flexural  ccmpressive  failure  at  this  load. 

( 

( 

i 


Table  19 

Summary  of  Test  Results  for  Beam  13* 

Concrete  Strain 

~ 

Hotel 

Mi  de  pan 

Reinforcement 

Average** 

Maximum  Dimension  of  Crack 

Time 

Load 

Deflection 

Strain 

Conprcesive 

Tensile 

k «dth. 

in*. 

Depth 

min 

— lb 

in. 

millionths 

million the 

minicnths 

Tfsz 

0 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

4 

500 

0.002 

15 

30 

CO 

0 

0 

0 

6 

1,000 

O.OOJ 

35 

60 

Co 

0 

0 

0 

9 

1,500 

0.000 

55 

65 

80 

0 

0 

0 

13 

2,000 

0.013 

70 

U5 

100 

0 

0 

0 

15 

2,500 

0.017 

90 

In  5 

140 

0 

0 

0 

19 

3,000 

0.021 

no 

iso 

160 

0 

0 

0 

22 

3,500 

0.025 

130 

210 

200 

0 

0 

0 

26 

4,000 

0.029 

155 

?4o 

020 

0 

0 

0 

28 

0 

0 

10 

0 

10 

0 

0 

0 

32 

4,000 

0.029 

150 

240 

220 

0 

0 

0 

38 

5,000 

0.038 

475 

390 

400 

0.0010 

0.0034 

3.20 

60 

6,000 

0.058 

670 

500 

500 

0.0025 

0.0049 

3.20 

68 

7,000 

0.076 

835 

610 

620 

0.0040 

0.0064 

3.20 

80 

8,000 

0.094 

1020 

735 

800 

0.0030 

0.0063 

3.80 

91 

0 

0.019 

190 

130 

180 

0.0019 

• • 

I89 

8,000 

0.108 

1040 

760 

1020 

0.0030 

0.0086 

4.15 

205 

9,000 

0.125 

U85 

890 

nso 

= 0*^030 

0.0101 

1*  If* 

XV,VJU 

U.l4‘l 

1375 

1020 

1390 

0.0040 

0.0113 

4.15 

222 

U,000 

0.169 

1575 

1215 

1640 

0.0050 

0.0131 

5.0« 

231 

12,000 

0.328 

7500 

2490 

4200 

0.01(50 

0.0523 

6.30 

** 

12, 700tt 

“ * 

““ 

mm 

** 

mm 

' Been  13  used  a 3-in.  layer  uf  epoxy-resin  concrete  in  its  lower  3-in.  zone. 
" Avemgo  tensile  strain  is  average  for  Kiddle  one-third  of  beam, 
t M - measured  using  microscope!  D - measured  using  Denec  dish, 
ft  Seen  could  not  sustain  load  at  .Ms  level. 
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Table  20 

of  Test  Results  for  Beam  14* 
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:ture.  eonventiona11^  reinforced  with  its  lower  3 in.  consisting  of  a 0. 5-in. -long  fiber/regular  concrete" 

erage  tensile  strain  is  average  for  middle  one-third  of  beam. 

- measured  using  microscope j D - measured  using  Lemec  disk. 

1 readings  could  be  obtained  at  this  load  level. 


IJote:  All  beams  contained  the  same  amount  and  type  of  conventional  reinforcement  for  flexure. 

* Maximum  anticipated  live  service  loads  were  assumed  to  he  the  loads  that,  when  combined  with  their  dead  loads 
concrete  ccrpressive  stresses  of  0.45  fg  (Appendix  A). 
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Table  22 

Comprest.  , and  Tensile  Strengths  of  Individual 
Batches  of  Plain  Concrete  for  Larger  Beams 


Batch 

No. 

Age 

of  Concrete 
When  Tested 
days 

Representing 
Beam  No. 

Compressive 

Strength 

psi 

Splitting 

Tensile 

Strength 

pci 

1 

28 

1-2 

3000 

375 

2 

28 

3-4 

3120 

405 

3 

28 

5 

3050 

350 

4 

28 

6-7 

2920 

360 

5 

28 

8 

2800 

325 

I 

[ 

t 


F 

I; 

F/ 


so 


Table  23 

Compressive  and  Tensile  Strengths  of  Individual  Batches  of 
Steel -Fiber-Reinforced  Concrete  Mixture  for  Larger  Beams 


Batch 

No. 

Age  of  Fiber- 
Reinforced 
Concrete  When 
Tested,  days 

Representing 
Beam  No. 

Compressive 

Strength 

psi 

Splitting 

Tensile 

Strength 

psi 

1 

28 

2 

3910 

675 

2 

28 

4 

3940 

620 

3 

28 

6-7 

3930 

560 

i 


Table  24 


Summary  of  Teat  Results  for  Beam  1L* 


Total 

Midspan 

Reinforcement 

Concrete 

Strain 

Average** 

Max  inrun  Dimension 
of  Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width 

Depth 

min 

lb 

in.  . 

Millionths 

Millionths 

Millionths 

in. 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

14 

1,000 

0.024 

30 

68 

59 

0 

0 

19 

2,000 

0.067 

88 

165 

150 

0.001 

0.90 

37 

2,000 

0.073 

88 

184 

167 

0.001 

0.90 

4o 

3,000 

0.127 

167 

280 

306 

0.003 

3.60 

50 

3,000 

o.i4o 

189 

300 

324 

0.003 

3.60 

54 

4,000 

0.207 

321 

411 

517 

0.003 

3.60 

6l 

4,000 

0.223 

323 

430 

539 

0.003 

3.60 

64 

5,000 

0.289 

424 

536 

733 

0.005 

6.60 

71 

5,000 

0.313 

450 

584 

766 

0.005 

6.60 

75 

6,000 

0.379 

586 

750 

780 

0.006 

7.15 

85 

6,000 

o.4oi 

594 

820 

974 

0.006 

7.15 

90 

7,000 

0.468 

725 

847 

1131 

0.006 

7.15 

95 

7,000 

0.487 

737 

887 

1150 

0.006 

7.15 

98 

8,000 

0.547 

830 

978 

1306 

0.014 

8.15 

107 

8,000 

0.581 

845 

1046 

1350 

0.014 

8.15 

112 

0 

O.I32 

78 

264 

265 

— 

130 

0 

0.125 

76 

242 

253 

-- 

136 

4,000 

0.337 

367 

654 

771 

— 

138 

8,000 

0.579 

811 

1074 

1359 

0.014 

8.15 

142 

9,000 

0.654 

947 

1208 

1540 

0.014 

8.15 

148 

9,000 

0.689 

977 

1281 

1581 

0.014 

8.15 

150 

10,000 

0.756 

1105 

1401 

1611 

0.025 

8.35 

157 

10,000 

0.793 

1135 

1509 

1809 

0.025 

8.35 

160 

11,000 

0.868 

1258 

1648 

1963 

0.025 

8.35 

168 

11,000 

0.902 

1279 

1730 

1996 

0.025 

8.35 

172 

12,000 

0.966 

1390 

1871 

2173 

0.030 

8.75 

179 

12,000 

1.018 

1429 

2001 

2234 

0.030 

8.75 

182 

13,000 

1.092 

1554 

2138 

2423 

0.030 

8.75 

187 

13,000 

1.141 

1596 

2285 

2479 

0.030 

8.75 

190 

14,000 

12,200t 

ot 

1.473 

2.90tt 

2.70tt 

2534 

— 

6973 

0.060 

9.50 

* 

** 

t 

tt 


and  used  as  s control  uuaiir  for  xhe  short- 


Pobw  i t.  con'^cnticn^ 
term  static  toots  of  group  1L. 

Average  tensile  strain  is  average  for  middle  one-third  of  beam. 
Loads  after  failure. 

String -line  measurements. 


Table  25 

Suanary  of  Test  Results  for  Bean  2L» 


Time 

min 

Total 

Load 

lb 

Midspan 

Deflection 

in. 

Reinforcement 

Strain 

Millionths 

Concrete  Strain  Maximum  Dimension 

Average**  of  Crack 

Compressive  Tensile  Width  Depth 

Millionths  Millionths  in.  in. 

0 

0 

0 

0 

0 

0 

0 

0 

8 

1,000 

0.021 

25 

49 

50 

0 

0 

20 

2,000 

0.048 

59 

io4 

104 

0 

0 

23 

3,000 

0.082 

104 

178 

203 

0 

0 

30 

4,000 

0.125 

161 

253 

289 

0 

0 

34 

5,000 

0.188 

255 

343 

463 

0.002 

1.06 

58 

6,000 

0.264 

407 

454 

637 

0.003 

5.50 

75 

6,000 

0.276 

438 

472 

671 

0.003 

5.50 

78 

7,000 

0.327 

551 

556 

796 

0.004 

6.50 

90 

7,000 

0.352 

577 

573 

841 

0.004 

6.50 

94 

0 

0.087 

170 

113 

210 

143 

0 

0.082 

163 

104 

197 

— 

— 

148 

4,000 

0.223 

383 

355 

397 

— 

— 

152 

7,000 

0.346 

591 

570 

876 

0.004 

6.50 

153 

8,000 

0.398 

684 

638 

974 

0.004 

6.50 

165 

8,000 

0.419 

711 

660 

1013 

0.004 

6.50 

169 

9,oco 

0.466 

826 

739 

II83 

0.004 

6.50 

175 

9,000 

0.487 

849 

769 

1223 

0.004 

£.50 

180 

10,000 

0.538 

954 

849 

1434 

0.009 

7.25 

I85 

10,000 

0.544 

983 

887 

1493 

0.009 

7.25 

190 

11,000 

O.616 

1084 

972 

1664 

0.009 

7.25 

195 

11,000 

0.634 

1109 

996 

1683 

0.009 

7.25 

199 

12,000 

0.690 

1212 

1085 

1813 

0.010 

7.85 

211 

12,000 

0.724 

1249 

1147 

1866 

0.010 

7.85 

215 

13,000 

0.779 

1352 

1244 

1976 

0.010 

7.35 

219 

13,000 

0.791 

1372 

1274 

2029 

0.010 

7.85 

223 

14,000 

0.855 

1474 

1363 

2166 

0.015 

8.25 

235 

14,000 

0.895 

1517 

1449 

2199 

0.015 

8.25 

240 

15,000 

0.953 

1607 

1546 

2320 

0.015 

8.25 

245 

15,000 

0.975 

1633 

1596 

2391 

0.015 

8.25 

250 

16,000 

1.042 

1742 

1710 

2530 

0.035 

8.70 

260 

16,000 

1.275 

1766 

2232 

2637 

0.035 

8.70 

— 

17,000 

1.500 

— 

— 

— 

— 

— 

l4,800t 

3.20tt 

— 

— 

— 

0.20 

14.00 

"*■  Bead  2L  was  convent  ion  ally  reinforced,  had  an  additional  2,5  percent  by  volume 
of  0.5-in. -long  steel  fibers  added  to  its  lower  3-3/8-in.  tensile  zone,  and  was 
subjected  to  the  short-term  static  tests  outlined  for  the  members  of  group  1L. 
**  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 
t Load  after  failure;  beam  collapsed  at  this  load, 
tt  String -line  measurement. 


Table  26 


Stannary  of  Test  Results  for  Bean  3L* 


Time 

Total 

Load 

Midspan 

Deflection 

Reinforcement 

Strain 

Concrete 

Compressive 

Strain 

Average* ** 

Tensile 

Maximum  Dimension 
of  Crack 

Width  Depth 

min 

lb 

in. 

Millionths 

Millionths 

Millionths 

in. 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

15 

1,000 

0.021 

50 

20 

44 

0 

0 

20 

2,000 

0.045 

99 

99 

137 

0 

0 

25 

3,000 

0.093 

174 

170 

314 

0.001 

0.68 

40 

4,000 

0.129 

304 

26l 

477 

0.002 

2.05 

50 

4,000 

0.146 

321 

275 

556 

0.002 

2.05 

5 6 

5,000 

0.193 

426 

349 

657 

o.oo4 

4.40 

64 

5,000 

0.216 

448 

361 

729 

0.004 

4.4o 

68 

6,000 

0.263 

552 

427 

916 

0.005 

5.40 

78 

6,000 

0.279 

572' 

444 

924 

0.005 

5.40 

8.3 

7,000 

0,327 

676 

512 

1146 

0.006 

6.60 

95 

7,000 

0.351 

704 

538 

1187 

0.006 

6.60 

98 

8,000 

0.398 

791 

597 

1364 

0.006 

6.60 

105 

8,000 

0.4l6 

813 

621 

1373 

0.006 

6.60 

112 

0 

0.099 

156 

89 

271 

-- 

— 

152 

0 

0.095 

151 

83 

263 

— 

160 

4,000 

0.231 

464 

33  6 

686 

-- 

-- 

166 

8,000 

0.405 

814 

611 

1464 

0.006 

6.60 

170 

9,000 

0.461 

9H 

677 

1609 

0.006 

7.80 

178 

9,000 

0.487 

944 

715 

1631 

0.006 

7.80 

183 

10,000 

0.533 

1034 

778 

1763 

0.006 

7.80 

186 

10,000 

0.550 

1053 

800 

1784 

0.006 

7.80 

190 

11,000 

0.599 

1146 

871 

1931 

0.007 

7.85 

200 

11,000 

0.628 

1177 

918 

1973 

0.007 

7.85 

203 

12,000 

0.674 

1265 

973 

2113 

0.007 

7.85 

210 

12,000 

0.697 

1288 

1015 

2136 

0.007 

7-85 

213 

13,000 

0.747 

1398 

1104 

2271 

0.010 

7.90 

223 

13,000 

0.776 

1418 

1145 

2310 

0.010 

7.90 

225 

14,000 

0.831 

1520 

1233 

2464 

0.010 

7.90 

233 

14,000 

0.852 

1543 

1266 

2489 

0.010 

7.90 

235 

15,000 

0.906 

1638 

1336 

2643 

0.012 

7.90 

242 

15,000 

0.939 

1676 

1403 

2684 

0.012 

7.90 

246 

16,000 

1.004 

1789 

1507 

2853 

0.013 

8.10 

255 

16,000 

1.034 

1816 

1563 

2894 

0.013 

8.10 

258 

17,000 

1.102 

1951 

1684 

3107 

0.013 

8.10 

265 

17,000 

1.162 

1963 

1900 

3307 

0.013 

8.10 

-- 

18,000 

1.240 

— 

— 

— 

0.080 

9.90 

— 

I5,ooot 

4.05tt 

— 

— 

— 

0.150 

— 

— 

ot 

3.40ft 

— 

— 

— 

-- 

— 

* Bess  3I»  u25a  a 4-  by  11-  by  oa-in.  wire-mesh  cage  throughout  its  inner  84-in. 
section  and  was  subjected  to  the  short-term  static  tests  outlined  for  members  of 
groin?  1L. 

**  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 
t Load  after  failure, 
ft  String-line  measurements. 


Table  27 

Suanary  of  Test  Results  for  Bean  4L» 


Time 

min 

Total 

Load 

lb 

Midspan 

Deflection 

in. 

Reinforcement 

Strain 

Millionths 

Concrete 

Compressive 

Millionths 

Strain 

Average** 

Tensile 

Millionths 

Maximum  Dimension 
of  Crack 
'"-dth  Depth 

in.  in. 

0 

0 

0 

0 

0 

0 

0 

0 

4 

1,000 

0.020 

4o 

48 

49 

0 

0 

7 

2,000 

0.045 

102 

107 

106 

0 

0 

12 

3,000 

0.076 

172 

179 

174 

0 

0 

17 

4,000 

0.116 

214 

264 

297 

0.0005 

Hairline 

24 

5,000 

0.173 

318 

355 

460 

0.001 

0.90 

37 

5,000 

0.199 

352 

388 

499 

0.001 

0.90 

39 

6,000 

0.243 

420 

485 

636 

0.003 

1.85 

49 

6,000 

0.266 

466 

510 

684 

0.003 

1.85 

52 

7,000 

0.315 

526 

590 

851 

0.003 

1.85 

57 

7,000 

0.337 

587 

620 

886 

0.003 

1.85 

60 

8.000 

0.393 

662 

718 

1041 

0.005 

4.70 

72 

8,000 

0.429 

888 

762 

1097 

0.005 

4.70 

77 

0 

0.099 

236 

151 

254 

— 

102 

0 

0.092 

232 

142 

240 

-- 

— 

107 

4,000 

0.241 

586 

422 

627 

109 

8,000 

0.420 

1090 

751 

1111 

0.005 

4.70 

112 

9,000 

0.477 

1182 

850 

1250 

0.005 

4.70 

122 

9,000 

0.502 

1186 

878 

1274 

0.005 

4.70 

125 

10,000 

0.559 

1298 

977 

1439 

0.007 

6.30 

130 

10,000 

0.591 

1318 

1029 

1481 

0.007 

6.30 

133 

11,000 

0.647 

1352 

1114 

1621 

0.008 

7.30 

142 

11,000 

0.679 

14C8 

1182 

1683 

0.008 

7.30 

146 

12,000 

0.730 

1496 

1265 

1809 

0.008 

7.30 

152 

12,000 

0.760 

1520 

1324 

1874 

0.008 

7.30 

155 

13,000 

0.816 

1608 

1414 

2011 

0.010 

8.00 

164 

13,000 

0.875 

1676 

1473 

2099 

0.010 

8.00 

167 

14,000 

0.921 

1768 

1628 

2241 

0.010 

8.00 

175 

14,000 

0.966 

1846 

1700 

2309 

0.010 

8.00 

177 

15,000 

1.030 

1968 

1819 

2484 

0.010 

8.00 

185 

15,000 

I.089 

2042 

1917 

2584 

0.010 

8.00 

190 

16,000 

1.162 

2090 

2668 

— 

0.050 

8.65 

-- 

6, coot 

5.8ott 

— 

— 

-- 

0.30 

— 

-- 

Of 

4.90tt 

— 

— 

— 

-- 

— 

** 

t 

ft 


Host.  4L  was  conventionally  reinforced,  had  an  additional  £.5  percent  by  volume 
of  0.5-in. -lone  steel  fibers  added  throughout  its  entire  cross  section,  and  was 
subjected  to  the  short-term  static  tests  outlined  for  the  members  of  group  11. 
Average  tensile  strain  is  average  for  middle  one-third  of  beam. 

Load  after  failure. 

String-line  measurements. 


Table  28 


* Beam  % used  a 4-  by  11-  by  84-in.  wire -mesh  cage  throughout  its  inner  84-in. 
section  and  was  subjected)  to  the  lone-term  static  loading  outlined  for1 members 
for  group  2L. 

**  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 
t Immediately  after  loading. 


Table  28  (Concluded) 


i 

i 


Time 

Total 

Midspan 

Reinforcement 

Load 

Deflection 

Strain 

days 

lb 

in. 

Millionths 

91 

8,000 

0.674 

£3  6 

99 

8,000 

0.693 

882 

106 

8,000 

0.701 

885 

112 

8,000 

0.715 

891 

112 

9,000 

0.753 

928 

120 

9,000 

0.776 

937 

128 

9,000 

0.798 

945 

128 

10,000 

0.841 

1019 

135 

10,000 

O.856 

1046 

139 

10,000 

0.872 

1088 

139 

11,000 

0.919 

1178 

148 

11,000 

0.951 

1231 

153 

11,000 

0.961 

1231 

153 

12,000 

I.058 

1281 

170 

12,000 

1.081 

1286 

177 

12,000 

1.097 

1291 

177 

13,000 

1.143 

1377 

1 84 

13,000 

1.171 

1417 

191 

13,000 

1.183 

1426 

191 

i4,ooo 

1.235 

1521 

198 

14,000 

1.268 

1540 

206 

14,000 

1.293 

1542 

206 

15,000 

1.335 

1605 

212 

15,000 

1-359 

1651 

219 

15,000 

1.379 

1666 

221 

15,000 

1.383 

1681 

221 

16,000 

1.439 

1764 

228 

16,000 

1.470 

1814 

235 

16,000 

1.480 

I839 

235 

17,000 

1.532 

1936 

241 

17,000 

1.620 

1948 

249 

17,000 

1.667 

1959 

249 

17,500 

2.55ft 

249 

17,900 

3.25ft 

249 

0* 

2.45ft 

-- 

Concrete  Strain  Maximum  Dimension 


Average  of  Crack 


Compressive 

Tensile 

Width 

Depth 

Millionths 

Millionths 

in. 

in. 

1029 

1160 

0.011 

7.44 

1029 

1176 

0.011 

7.44 

1077 

ll8l 

0.011 

7.44 

1135 

1217 

0.011 

7.44 

1184 

1311 

0.012 

7.50 

1276 

1354 

0.012 

7.50 

1317 

1374 

0.012 

7.50 

1389 

1487 

0.014 

7.80 

1425 

1523 

0.014 

7.80 

1453 

1541 

0.014 

7.80 

1526 

1677 

0.014 

7.80 

1581 

1730 

0.014 

7.80 

l6ll 

1753 

o.oi4 

7.80 

1690 

1874 

0.017 

8.00 

1780 

1931 

0.017 

8.00 

1776 

1953 

0.017 

8.00 

1853 

2080 

0.018 

8.00 

1923 

2126 

0.018 

8.00 

1957 

2139 

0.018 

8.00 

2032 

2271 

0.020 

8.05 

2088 

2344 

0.020 

8.05 

2110 

2396 

0.020 

8.05 

2175 

2501 

0.023 

8.10 

2225 

2550 

0.023 

8.10 

2281 

2580 

0.023 

8.10 

2296 

2596 

0.023 

8.10 

2384 

2733 

0.030 

8.10 

2399 

2800 

0.030 

8.10 

2544 

2849 

0.030 

8.10 

26l4 

2980 

o.o4o 

8.25 

2699 

3129 

0.085 

8.65 

2753 

3283 

0.085 

8.65 

3268 

— 

0.125 

9.50 

•• 

— 

0.150 

14.00 

— 

0.125 

l4.oo 

i 

t 

j 

i 


i 


? 


ft  String-line  measurements 
* Load  after  failure. 


Table  29 

Summary  of  Teat  Results  for  Beam  6L* 


Time 

days 

Total 

Load 

lb 

Midspan 

Deflection 

in. 

Reinforcement 

Strain 

Millionths 

Concrete 

Compressive 

Millionths 

Strain 

Average** 

Tensile 

Millionths 

Maximum  Dimension 
of  Crack 
Width  Depth 

in.  in. 

0 

0 

0 

0 

0 

0 

0 

0 

t 

2,000 

0.040 

60 

50 

80 

0 

0 

0.10 

2,000 

0.042 

60 

53 

86 

0 

0 

1 

2,000 

0.045 

61 

64 

86 

0 

0 

2 

2,000 

0.059 

74 

74 

87 

0 

0 

3 

2,000 

0.060 

87 

74 

90 

0 

0 

6 

2,000 

0.064 

94 

75 

97 

0 

0 

7 

2,000 

0.065 

96 

75 

100 

0 

0 

7 

4,000 

0.116 

225 

151 

244 

0 

0 

8 

4,000 

0.130 

264 

186 

284 

0.0005 

Hairline 

9 

4,000 

0.157 

280 

193 

296 

0.001 

0.50 

13 

4,000 

0.176 

301 

205 

311 

0.001 

1.10 

17 

4,000 

0.185 

319 

260 

321 

0.001 

1.55 

20 

4,000 

0.203 

330 

277 

336 

0.001 

1.65 

20 

5,000 

0.240 

429 

362 

431 

0.002 

1.65 

22 

5,000 

0.263 

435 

402 

487 

0.002 

1.65 

24 

5,000 

0.268 

445 

405 

489 

0.003 

3-55 

29 

5,000 

0.299 

461 

424 

521 

0.003 

3-55 

35 

5,000 

0.314 

485 

481 

540 

0.003 

3.55 

41 

5,000 

0.338 

526 

548 

569 

0.003 

4.95 

4l 

6,000 

0.370 

594 

601 

664 

o.oo4 

5.35 

52 

6,000 

0.376 

598 

605 

660 

0.005 

6.05 

62 

6,000 

0.452 

695 

708 

776 

0.006 

6.10 

62 

7,000 

0.498 

7 66 

817 

903 

0.006 

6.10 

66 

7,000 

0.504 

7 66 

890 

911 

0.007 

6.45 

72 

7,000 

0.530 

769 

897 

953 

0.007 

6.45 

79 

7,000 

0.552 

794 

900 

967 

0.007 

6.45 

84 

7,000 

0.558 

849 

913 

980 

'.007 

6.45 

84 

8,000 

0.613 

986 

1012 

1120 

0.007 

6.45 

92 

8,000 

0.626 

look 

1022 

1133 

0.007 

6.45 

(Continued) 

* Beam  6L  vas  conventionally  reinforced,  had  an  additional  2.5  percent  by  vrlume  of 
0.5 -in. -long  steel  fibers  added  to  its  lower  3-3/8-in.  tensile  zone,  and  was  sub- 
jected to  the  long-term  static  tests  outlined  for  members  of  grotqj  2L. 

**  Average  tensile  strain  is  average  for  middle  one-third  of  bean, 
t Immediately  after  loading. 


Table  29  (Concluded) 


Time 

days 

Total 

Load 

lb 

Midspan 

Deflection 

in. 

Reinforcement 

Strain 

Millionths 

Concrete  Strain  Maximum  Dimension 

Average  of  Crack 

Compressive  Tensile  Width  Depth 

MnHBnt.hu  Millionths  in.  in. 

99 

8,000 

0.635 

1012 

1033 

1147 

0.007 

6.45 

106 

8,000 

0.645 

1019 

1048 

1163 

0.007 

6.45 

114 

8,000 

0.677 

1021 

1078 

1209 

0.007 

6.45 

114 

9,000 

0.713 

1090 

1160 

1304 

0.010 

6.95 

121 

9,000 

0.720 

1099 

1180 

1337 

0.010 

6.95 

127 

9,000 

0.737 

1154 

1191 

1349 

0.010 

6.95 

127 

10,000 

0.789 

1215 

1241 

1486 

c.on 

7.05 

134 

10,000 

0.802 

1231 

1249 

1481 

0.011 

7.05 

141 

10,000 

0.832 

1301 

1263 

1569 

0.011 

7.05 

l4l 

11,000 

O.869 

1412 

1362 

1644 

0.012 

7.10 

148 

11,000 

0.879 

1454 

1417 

1677 

0.012 

7.10 

155 

11,000 

0.907 

1463 

1485 

1733 

0.012 

7.10 

155 

12,000 

0.958 

1471 

1514 

1863 

0.014 

7.20 

162 

12,000 

0.971 

1476 

1519 

1877 

0.014 

7.20 

169 

12,000 

1.010 

1545 

1547 

1931 

0.014 

7.20 

169 

13,000 

1.041 

1645 

1658 

2067 

0.015 

7.55 

17  6 

13,000 

1.054 

1646 

1818 

2086 

0.015 

7.55 

183 

13,000 

1.080 

1648 

1827 

2136 

0.015 

7.55 

183 

14,000 

1.137 

1665 

1918 

2281 

0.017 

7.75 

190 

14,000 

1.150 

1715 

1956 

2289 

0.017 

7.75 

197 

14,000 

I.I85 

1735 

1995 

2366 

0.017 

7.75 

197 

15,000 

1.232 

1800 

2084 

2486 

0.019 

7.88 

204 

15,000 

1.246 

1815 

2119 

2501 

0.019 

7.88 

211 

15,000 

1.286 

1835 

2142 

2573 

0.019 

7.88 

211 

16,000 

1.337 

1900 

2238 

2704 

0.035 

8.00 

217 

16,000 

1.353 

1905 

2248 

2733 

0.035 

8.00 

225 

16,000 

1.387 

1910 

2260 

2790 

0.035 

8.00 

225 

17,000 

1.445 

1965 

2393 

2931 

0.050 

8.25 

232 

17,000 

1.486 

2000 

2609 

3041 

0.050 

8.25 

239 

17,000 

1.500 

2025 

2613 

3051 

0.050 

8.25 

239 

17,400 

1.851 

2145 

3880 

0.065 

14.00 

239 

13,500 tt 

3.25* 

— 

— 

— 

— 

— 

239 

ott 

2.75* 

— 

— 

-- 

— 

— 

tt  Load  after  failure. 

* String-line  measurements . 


Table  30 

Sunmary  of  Test  Results  for  Beam  7L* 


Total 

Midspan 

Reinforcement 

Concrete 

Strain 

Average** 

Maximum  Dimension 
of  Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width 

Depth 

days 

lb 

in. 

Millionths 

Millionths 

Millionths 

in. 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

t 

2,000 

0.055 

58 

20 

94 

0 

0 

0.17 

2,000 

0.059 

82 

25 

96 

0 

0 

1 

2,000 

0.065 

100 

37 

100 

0 

0 

2 

2,000 

0.076 

104 

43 

lo4 

0 

0 

5 

2,000 

0.080 

122 

58 

123 

0 

0 

7 

2,000 

0.087 

123 

75 

129 

0 

0 

7 

3,000 

0.112 

147 

175 

187 

0 

0 

8 

3,000 

0.121 

178 

175 

187 

0.001 

0.81 

12 

3,000 

0.139 

193 

188 

201 

0.001 

1.55 

16 

3,000 

0.156 

210 

202 

216 

0.001 

1.55 

20 

3,000 

0.171 

223 

215 

229 

0.001 

1.55 

20 

4,000 

0.201 

270 

265 

287 

0.002 

1.55 

23 

4,000 

0.217 

282 

295 

317 

0.002 

1.55 

28 

4,000 

0.238 

315 

319 

339 

0.002 

1.55 

34 

4,000 

0.253 

317 

320 

350 

0.003 

2.16 

35 

4,000 

0.257 

316 

349 

359 

0.003 

2.16 

35 

5,000 

0.287 

421 

410 

430 

0.003 

2.16 

40 

5,000 

0.318 

481 

467 

489 

0.004 

2.60 

49 

5,000 

0.360 

483 

501 

546 

0.004 

2.60 

49 

6,000 

0.384 

595 

549 

599 

0.004 

2.60 

51 

6,000 

0.397 

639 

592 

641 

o.oo4 

2.77 

61 

6,000 

0.420 

649 

622 

653 

o.oo4 

3.70 

63 

6,000 

0.432 

664 

653 

669 

o.oo4 

3.70 

63 

7,000 

0.462 

733 

733 

739 

0.005 

4.72 

70 

7,000 

0.491 

815 

798 

817 

0.005 

4.72 

77 

7,000 

0.513 

824 

797 

830 

0.005 

5.00 

84 

7,000 

0.531 

827 

824 

844 

0.005 

5.02 

69 

7,000 

0.542 

834 

863 

866 

0.005 

5.02 

89 

8,000 

0.569 

886 

911 

923 

0.006 

5.13 

. (Continued)  

* Beam  7L  was  conventionally  reinforced,  had  an  additional  2.5  percent  by  volume  of 
steel  fibers  added  throughout  its  entire  cross  section,  and  was  subjected  to  the 
long-term  static  tests  outlined  for  members  of  group  2L. 

**  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 
t Immediately  after  loading,. 


Table  30  (Concluded) 


Concrete,  Strain  Maximum  Dimension 


Total 

Midspan 

Reinforcement 

Average 

of  Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width 

Depth 

davs 

lb 

in. 

Millionths 

Millionths 

Millionths 

in. 

in. 

98 

8,000 

0.592 

909 

972 

973 

0.006 

5.13 

105 

8,000 

0.600 

910 

1008 

1011 

0.006 

5.13 

113 

8,000 

0.620 

909 

1010 

1011 

0.006 

5.13 

117 

8,000 

0.632 

908 

1020 

1026 

0.006 

5.13 

117 

9,000 

O.656 

951 

1129 

1129 

0.007 

5.25 

120 

9,000 

0.667 

986 

H30 

1133 

0.007 

5.25 

126 

9,000 

0.684 

1004 

1141 

1163 

0.007 

5.25 

131 

9,000 

0.693 

1020 

1144 

1170 

0.007 

5.25 

131 

10,000 

0.729 

1078 

1168 

1249 

0.008 

5.94 

138 

10,000 

0.764 

1080 

1238 

1340 

0.008 

5.94 

145 

10,000 

0.775 

1084 

1323 

13  66 

0.008 

5.94 

145 

11,000 

0.808 

1157 

1353 

1474 

0.009 

6.00 

152 

11,000 

0.837 

1241 

1377 

1503 

0.009 

6.00 

159 

11,000 

0.849 

1242 

1378 

1541 

0.009 

6.00 

159 

12,000 

0.886 

1308 

1562 

1644 

0.010 

6.00 

166 

12,000 

0.915 

1351 

1612 

1693 

0.010 

6.00 

173 

12,000 

0.937 

1372 

1648 

1740 

0.010 

6.00 

173 

13,000 

0.965 

1412 

1702 

1819 

0.0l2 

6.10 

181 

13,000 

0.992 

1457 

1758 

1879 

0.012 

6.10 

187 

13,000 

l.oo4 

1461 

1778 

I896 

0.012 

6.10 

187 

i4,ioo 

1.044 

1567 

1848 

2001 

0.015 

6.15 

194 

14,000 

1.071 

1572 

1888 

2050 

0.015 

6.15 

201 

14,000 

1.085 

1574 

1923 

2087 

0.015 

6.15 

201 

15,000 

1.121 

1634 

1988 

2179 

0.018 

6.25 

208 

15,000 

1.156 

1693 

2043 

2251 

0.018 

6.25 

215 

15,000 

1.176 

1718 

2082 

2284 

0.018 

6.25 

215 

16,000 

1.219 

1793 

2103 

2394 

0.020 

6.35 

222 

16,000 

1.271 

1862 

2246 

2497 

0.C20 

6.35 

229 

16,000 

1.286 

1863 

2282 

2521 

0.020 

6.35 

229 

17,000 

1.453 

1975 

2355 

2693 

O.O65 

9.55 

236 

17,000 

1.75+-+ 

2012 

2396 

2774 

0.080 

9.60 

243 

17,000 

l.aott 

2112 

2450 

2860 

0.080 

9.60 

243 

17,500 

2.65ft 

-- 

-- 

-- 

0.125 

14.00 

243 

15,500tt 

3.75tt 

— 

— 

— 

0.250 

14.00 

243 

7,200tt 

3.50tt 

-- 

— 

— 

— 

— 

243 

Oft 

3.00-tt 

-- 

-- 

-- 

0.225 

14.00 

tt  Strinc-line  measurements 
* toad  after  failure. 


Table  31 

Summary  of  Test  Restilts  for  Beam  8L» 


Concrete 

Strain 

Maximum  Dimension 

Total 

Midspan 

Reinforcement 

Average 

of  Crack 

Time 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width 

Depth 

days 

lb 

in. 

Mimonths 

Mimonths 

Millionths 

in. 

in. 

0 

0 

0 

0 

0 

0 

0 

0 

t 

1,500 

o.o4l 

9 

9 

51 

0 

0 

3 

1,500 

0.050 

23 

10 

50 

0 

0 

7 

1,500 

0.056 

25 

10 

50 

0 

0 

12 

1,500 

0.060 

43 

9 

50 

0 

0 

18 

1,500 

0.07C 

43 

10 

50 

0 

0 

18 

2,000 

0.087 

50 

28 

6l 

0.001 

1.00 

24 

2,000 

0.099 

70 

29 

76 

0.001 

1.00 

31 

2,000 

0.U3 

80 

28 

81 

0.001 

1.08 

32 

2,000 

o.n8 

81 

29 

84 

0.001 

1.08 

32 

3,000 

0.161 

145 

89 

154 

0.002 

2.38 

35 

3,ooo 

0.173 

190 

n8 

204 

0.004 

3.25 

46 

3,000 

0.207 

192 

196 

216 

o.oo4 

3.25 

46 

4,000 

0.243 

282 

246 

297 

0.004 

3.70 

54 

4,000 

0.278 

331 

322 

341 

0.004 

3.70 

61 

4,000 

0.297 

367 

350 

383 

0.004 

3.70 

6l 

5,000 

0.327 

387 

4o8 

447 

0.005 

4.50 

68 

5,000 

0.364 

458 

430 

510 

0.005 

4.50 

75 

5,000 

0.382 

485 

485 

536 

0.005 

4.50 

75 

6,000 

0.418 

529 

542 

627 

0.007 

5.55 

82 

6,000 

0.441 

530 

626 

687 

0.007 

5.55 

89 

6,000 

0.457 

559 

697 

707 

0.007 

5.55 

09 

7,000 

0.498 

588 

774 

823 

0.009 

5.85 

96 

7,000 

0.540 

645 

838 

887 

0.010 

6.15 

103 

7,000 

0.550 

675 

845 

894 

0.010 

6.15 

103 

8,000 

0.591 

703 

918 

1006 

0.013 

6.75 

no 

8,000 

0.613 

745 

942 

1039 

0.013 

6.75 

n7 

8,000 

0.634 

781 

967 

1061 

0.013 

6.75 

124 

8,000 

0.634 

797 

1025 

1087 

0.013 

6.75 

131 

8,000 

0.645 

826 

1068 

1094 

0.013 

6. 75 

(Continued) 

- 

- 

- 

* Beam  8 was  conventionally  Reinforced  and  used  as  control  beam  for  the  long-term 
static  tests  of  group  2L, 

**  Average  tensile  strain  is  average  for  middle  one-third  of  beam, 
t Immediately  after  loading. 


» 


91 


Table  31  (Concluded) 


F 


Time 

Total 

Midspan 

Reinforcement 

Concrete  Strain 

Average** 

Maximum  Dimension 
of  Crack 

Load 

Deflection 

Strain 

Compressive 

Tensile 

Width 

Depth 

*2X2. 

lb 

in.  - 

Millionths 

Millionths 

Millionths 

in. 

in. 

133 

8,000 

0.649 

830 

IO69 

1100 

0.013 

6.75 

133 

9,000 

0.687 

856 

U32 

1187 

0.015 

7.10 

140 

9,000 

0.707 

896 

1140 

1231 

0.015 

7.10 

147 

9,000 

0.715 

919 

1156 

1249 

0.015 

7.10 

147 

10,000 

O.763 

948 

1226 

1369 

0.018 

7.20 

154 

10,000 

0.794 

949 

1255 

1423 

0.018 

7.20 

l6l 

io,ooo 

0.813 

">98 

1310 

1461 

0.018 

7.20 

l6l 

11,000 

0.852 

1022 

1377 

1571 

0.020 

7.25 

168 

11,000 

0.873 

1076 

1386 

1601 

0.020 

7.25 

175 

11,000 

0.878 

1123 

1400 

1606 

0.020 

7.25 

175 

12,000 

0.928 

1227 

1470 

1736 

0.022 

7.25 

182 

12,000 

0.947 

1300 

1517 

1763 

0.022 

7.25 

189 

12,000 

0.949 

1332 

1584 

1770 

0.022 

7.25 

189 

13,000 

1.000 

1416 

’ 589 

1896 

0.025 

7.35 

196 

13,060 

1.018 

1496 

.6il 

1907 

0.025 

7-35 

203 

13,000 

1.033 

1496 

1679 

1944 

0.025 

7.35 

203 

14,000 

1.083 

1629 

1720 

2075 

0.038 

7.95 

210 

14,000 

1.113 

1713 

1764 

a26 

0.038 

7.95 

217 

14,000 

1.123 

1728 

1774 

2146 

0.038 

7.95 

220 

14,000 

1.128 

1761 

1780 

2150 

0.038 

7.95 

220 

15,000 

1.181 

1861 

1864 

2287 

0.041 

8. 00 

227 

15,000 

1.218 

1865 

1909 

2330 

o.o4i 

8.00 

234 

15,000 

1.228 

1971 

1918 

2353 

o.o4i 

8.00 

234 

15,900 

2.55tt 

— 

«- 

0.375 

i4.oo 

234 

12,500* 

2.50+t 

234 

5,800* 

2.25tt 

-• 

mm 

234 

0* 

1.95+t 

-- 

mm 

• • 

i 

l- 


Table  32  (Concluded) 


a.  0 load  (prior  to  testing) 


b . 2500-lb  load 


c . 3000-lb  lead 


d.  3500-lb  load 


g . 9500-lb  load 


h.  12,500-lb  load 


i.  4650-lb  load  (after  failure) 


i RUM 


j . 0 load  (tensile  face 

after  failure) 


Photo  1.  Crack  pattern  in  beam  1 at  various  load  levels 


•.  35 


k.  0 load  (tensile  face 
after  failure) 

Photo  4 (sheet  2 of  2) 


% 


100 


k.  0 load  (tensile  face 
after  failure?) 


Photo  5 (sheet  2 of  2) 


102 


0 load  (prior  to  testing) 


b . 5000-lb  load 


rjgga ii  Wjgfc* 


6000-lb  load 


d.  7000-lb  load 


3000-lb  load 


f.  10,000-lb  load 


11,000-lb  load 

h.  12,000-lb  load  (just  prior 

to  failure) 

12,000-lb  load  (failure)  j.  0 load  (tensile  face 

after  failure) 

Photo  6.  Crack  pattern  in  beam  6 at  various  load  levels 


after  failure) 


Photo  7.  Crack  pattern  in  beam  7 at  various  load  levels 


it a * 


k.  11,000-lb  load  l.  11,000-lb  load  (failure) 

_ ~ * wst  prior  to  failure) 


Photo  8 (sheet  2 of  2) 


1£6 


a.  0 load  (prior  to  testing) 


. 4000-lb  load 


c.  5000-lb  load 


d.  7000-lb  load 


' 

_ 1 

■ 

' 1 

, IF 

e.  8000-lb  load 


f.  9000- lb  load 


g.  12,000-lb  load 


h.  13,000-lb  load  (beginning  of 
failure--yielding  of  reinforcement) 


i.  0 load  (after  failure) 

Photo  11.  Crack  pattern  in  beam  11  at  various  load  levels 


111 


■ 


0 load  (prior  to  testing) 


2000-lb  load 


3000-lb  load 


d . 5000-lb  load 


7000-lb  load 


1 1 , 

1 '**  'X 

1 ^ 1 

t 1 

' 1 

10, 000 -lb  load 


f.  8000-lb  load 


12,000-lb  load 


I * 1 

j ' ♦ * 

, ■■  - * • J-* 

1 " 1 

\ 

(Ml^) 

Photo  15.  Crack  pattern  in  beam  1L  at  various  load  levels 


iL. 


j§j| 

,.*aat  m, 

mg* 

m 

00*+ 

0 load  (prior  to  loading) 


c.  4000-lb  load  for  48  hr 


m 

■ 

1 

•wn  mu 

-- 1 . 

bOOO-lb  load  (immediately 
after  loading) 


i ■ 

— 

fc= 11  

e.  7000-lb  load  for  12  days 


9000-lb  load  (immediately 
after  loading) 


11,000-lb  load  (immediately 
after  loading) 


h.  13, 000-lb  load  (immediately 
after  loading) 


Photo  20.  Crack  pattern  for  beam  6l»  at  various  load  and 
time  levels  (sheet  1 of  2) 


121 


a.  0 load  (prior  to  testing) 


C -T*Mi 6 


5000-lb  load  (immediately 
after  loading) 


7000-lb  load  (immediately 
after  loading) 


9000-lb  load  (immediately 
after  loading) 


f.  12,000-lb  load  (immediately 
after  loading) 


g.  12, OOO-lb  load  for  7 days 


n.  13,uoo-lb  load  (immediately 
after  leading) 


Phvio  21.  Crack  pattern  for  beam  7L  at  various  load  and 
time  levels  (sheet  1 of  2) 


123 


0 load  (prior  to  testing) 


b.  2000-lb  load  (immediately 
after  loading) 


3000-lb  load  (immediately 
after  loading) 


d.  3000-lb  load  for  3 days 


5000-lb  load  (immediately 
after  loading) 


f.  7000-lb  load  for  7 days 


8000-lb  load  (immediately 
after  loading) 


h.  10,000-lb  load  (immediately 
after  loading) 


Photo  22.  Crack  pattern  for  beam  8L  at  various  load  ana 
time  levels  (sheet  1 of  2) 


125 


sszq  • , 


-4*k~ 


12, 000 -lb  load  (immediately 


after  loading) 


14, 000-lb  load  (immediately 
after  loading) 


k.  lp,000-lb  load  (immediately 
after  loading) 


l.  15,900-lb  load  (failure) 


Photo  22  (sheet  2 of  2) 
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MIDSPAN  DEFLECTION  FOR 
GROUP  I BEAMS 


PLATE  3 


MIDSPAN  DEFLECTION  FOR 
GROUP  2 BEAMS 
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1 


LOAD  VERSUS 
MIDSPAN  DEFLECTION  FOR 
GROUP  3 BEAMS 


MS 


000'9I 


LOAD  VERSUS 
TENSILE  STRAIN  FOR 
GROUP  4 BEAMS 


136 


(FAILURE)  LOAD  (P„)  VERSUS 
MAXIMUM  CRACK  WIDTH  FOR 
GROUP  I BEAMS 


(BEAMS  1L-8L) 


STRENGTH 


20,000 


LOAD  VERSUS  MIDSPAN 
DEFLECTION  FOR  BEAMS  I L AND  8L 


0'J0‘02 


LOAD  VERSUS  MIDSPAN 
DEFLECTION  FOR  BEAMS  2L  AND  6L 


D VERSUS  MIDSPA 


D VERSUS  MIDSP, 


REINFORCEMENT  STRESS,  PSI 


REINFORCEMENT  STRESS,  PSI 


45,000 


35,000 


30,000 


25,000 


20,000 


15,000 


10.000 


MEASURED  FOR  BEAM  3L 

— — MEASURED  FOR  BEAM  5 

j 

PREDICTED  FOR  BEAM  3L  USING  EQUATION 

FROM  CHI  AND  KIRSTEIN  (REF  15) 

— PREDICTED  FOR  DEAM  5 USING  EQUATION 

FROM  CHI  AND  KIRSTEIN  (REF 

5) 

MAXIMUM  CRACK  WIDTH, IN. 


MAXIMUM  CRACK  WIDTH 
VS  REINFORCEMENT  STRESS 
FOR  BEAMS  3L  AND  5 


PLATE  22 
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i 


REINFORCEMENT  STRESS,  PSI 


45,000 


35,000 


25,000 


20  000 


1 5,000 


10,000 


1 

MEASURED  FOR  BEAM  41. 

mpaci  iB*rr\  rno  op  a li  9 

I 

— . j 

PREDICTED  FOR  BEAM  4L  USING  EQUATION 
cR0M  CHI  AND  KIRSTEIN  (REF  15) 

PREDICTED  FOR  BEAM  2 USING  EQUATION 
PROM  CHI  AND  KIRSTEIN  (REF  15) 

MAXIMUM  CRACK  WIDTH, IN. 


MAXIMUM  CRACK  WIDTH 
VS  REINFORCEMENT  STRESS 
FOR  BEAMS  4L  AND  2 
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PLATE  23 


REINFORCEMENT  5TRESS,  PSI 


4 5,000  | 


40,000 


A 


I I 

w - 7 5 FD  (h.  - ft  2500\ 
"max  - £s  \d-jdj  Vs  ‘ FD  y 


15,000 


j LEGEND 

MEASURED  FOR  BEAM  1L 

■ MEASURED  FOR  BEAM  8L  

— FRoSillfl,  ETRALE|F1EF15|US''',G  EQUAT,°N 


0.010  0.015  0.020 

MAXIMUM  CRACKiWIDTH , IN. 


MAXIMUM  CRACK  WIDTH 
VS  REINFORCEMENT  STRESS 
FOR  BEAMS  IL  AND  8L 


PLATE  24 


REINFORCEMENT  STRESS,  RSI 


PLATE  25 


REINFORCEMENT  STRESS,  PSI 


APPENDIX  A:  TYPICAL  EXAMPLE  ILLUSTRATING  METHODS  USED  FOR 
DETERMINING  MAXIMUM  ANTICIPATED  SERVICE  LOADS 


Fig.  Al.  Flexural  reinforcement  and  assumed  stress 
distribution  of  beam  1 

1.  For  maximum  anticipated  service  load  of  beam  1: 


f = 62,000  psi 

O' 


fc  = 3510  psi 

Ec  = * (Ito/"^).^)0-5  . 3.24  x lo6  psi 

= 30  X 10°  psi 

n = VEs  * ?°,Xl°VSl  - i H5S_9 

3.24  x 10  psi 

_ _ /,  /u.i  0.40  in.2  

P " Vbd  = 14  in . ) (8  in.)  = °-0125 


* J (Pn)C 


+ 2pn  - pn 


= J^io. 


0125 )(9)]  + 2(0.0125)(9)  - (0.0125)(9) 


Al 


t 


k = 0.4874  - 0.1125  = 0.3749  ; use  0.37 

2.  Since  working -stress  design  is  based  on  the  maximum  concrete 
stress  being  0.45f^  , the  maximum  anticipated  service  load  can  be 
safely  assumed  to  be  at  this  level.  The  moment  (M^)  due  to  this  ser- 
vice load  is  determined  as  follows : 


f = 0.45^  = (0.45) (3510  psi)  = 1579*5  psi 


C = =•  f'kbd 
c 2 c 


Cc  = | (1579*5  psi) (0.37) (4  in. )(8  in.)  = 9350.6  lb 


M.  , = C Jd 
xnt  c 


where 

J = 1 - 0.333k  = 1 - (0.333) (0.37)  = 1 - 0.1233  = 0.8767 
Mint  = (9350.6  lb) (0.8767) (8  in.)  = 65,581  in. rib 
is  defined  as  being  the  moment  producing  maximum  concrete  compres- 
sive stresses  of  0.45f^  j therefore,  the  calculated  must  be,  by 

definition,  equal  to  . 

3.  Then,  since  tk  ^ (fig.  A2);,  must  be  equal  to 

M £ which,  at  this  point,  is  composed  of  the  moment  due  to  the  beam's 
dead  (M,v)  and  live  service  (M  .,  ) loads,  both  of  which  can  be  determined 
from  the  support  and  loading  conditions  of  the  individual  beams.  There- 
fore, and  were  determined  as  follows: 


Mdl  (12  in ./ft)  (12' in ./ft) 


ib/ft3) 


M.,  = 1139  in. -lb 

dl 


•cnen 


M,  = M . - = 65,581  in. -lb  - 1139  in. -lb 

Lsl  sl  ai 


M.  , = 64,442  in. -lb 
lsl  ’ 


A2 


APPLIED  LOAD  (P) 


APPLIED  LOAD  (P) 


<r* — 3"  3*— i 

1 

5 1 

% 1 
<0 

2‘-3"  _ 

( \ 

- 1 -it 

2-0 

x 2 ~3 

SUPI 

3 opt  g’-e"  supi 

5ORT 

Fig.  A2.  Position  of  "beam  at  testing 


4.  Now  that  is  known,  the  maximum  anticipated  live  service 

P,  , ) can  be  determined  fror 
lsl 

by  using  the  following  procedure: 


load  (P^s^)  can  be  determined  from  the  loading  conditions  of  the  beams 


'\sl  - <0-5  Pl3l)(24  ln-) 

Plgl  = = 5370  lb,  which  by  definition  is  the 

largest  load  (excluding  weight  of  beam)  anticipated  for  the  beam. 

5.  It  is  emphasized  that  0.45f^  was  used  in  these  calcula- 
tions. For  hydraulic  structures,  which  this  investigation  is  directed 
to  primarily,  the  allowable  stresses  for  normal  service  loads  are 

0.35£”  for  the  concrete  and  20,000  psi  for  the  steel  because  0.45f* 
c c 

is  the  maximum  allowable  concrete  stress  for  a vast  majority  of  all  re- 
maining types  of  reinforced  concrete  structures  as  well  as  for  indi- 
vidual structural  elements. 


APPENDIX  B:  TYPICAL  EXAMPLE  ILLUSTRATING  METHOD  USED  FOR 
DETERMINING  MAXIMUM  CONCRETE  TENSILE  STRESSES  AT 
INITIAL  CRACKING  LOADS  OF  INDIVIDUAL  MEMBERS 


Fig.  Bl.  atypical  cross  section  Fig.  B2.  Transformed  cross  sec- 
of  beam  1L  tion  of  beam  1L 

1.  For  neutral  axis  (NA)  of  beam: 


Ec  (plate  14)  = 2.90  X 106psi 
E„  (plate  15)  * 2.90  X 106  psi 

w 

n = E /E  = 2?*°  x B8-1  = 10 
s c 2.90  X 106  psi 

y - (5  in.) (14  in.) (7  in.)  + (7.92  in.2) (12  in.)  _ 7 „ . 
(5  in.)(l4  in.)  + 7.92  in.2 


2.  For  moment  of  inertia  of  beam: 


= 1161.5  in.^ 


Bl 


I , = (7.92  in.2) (12  in.  - 7*51  in.)2  = (7  92  in.2) (4.49  in.)2 

So 

ll 

= 159*7  in. 

„ 4 4 4 

I,  = 1 + I , = 1161.5  in.  + 159*7  in.  = 1321.2  in. 
t c st 

3.  For  mcoient  of  beam: 


APPLIED  LOAD  (P)  = 1000  LB  APPLIED  LOAD  IP)  =1000  LB 


— 

\+— *“  — 4 

1 

- - - - - - --  --  --  - 

j»  N 

5' - _T. 5'-0'  .1. 5'-4"-  - - 

f'  • 1 - I ~ ' 

SUPPORT  SUPPORT 

-t - M’-O" 

Fig.  B3.  Position  of  beam  at  testing 
Total  load  required  to  initiate  cracking  is  2000  lb  (table  24) 


Mj^  = (iooo  lb)(60  in.)  = 60,000  in. -lb 

Mdi  ’ Jv0tt)  (uLZ/lt)  (5'5  ^(150  ib/rt3)(33  to.) 

= 13,234  in. -lb 

Mt  ' Mn  + - 60,000  in. -lb  + 13,234  in. -lb  = 73,234  in. -lb 


4.  Stress  of  concrete  when  cracking  initiated:  equate  external 
to  internal  moments,  then 


M.  = M.  . 
t int 


ftc  = 


- Y) 


,234  in. -lb) (14  in.  - 7.51  in.) 
I32I.2  in.4 


ftc  = 359*7  or  360  psi 


B2 


12' 


APPENDIX  C::  TYPICAL  EXAMPLE  ILLUSTRATING  MEIHOD  USED  FOR 

DETERMINING  REINFORCEMENT  STRESSES  RESULTING  FROM 
VARIOUS  LEVELS  OF  LOADING 


Fig.  Cl.  Ifypical  cross  Fig.  C2.  Transformed  cross 

section  of  beam  1L  section  of  beam  1L 

1.  For  neutral  axis  (NA)  of  beam  (assuming  all  tensile  stresses 
are  transferred  to  reinforcement  once  cracking  is  initiated). 


Moments  about  NA  give;: 

(5  in.)(kd)(kd/2)  = (8.80  in.2) (12  in.  - kd) 
(2.5  in. )(kd)2  = 105.60  in.3  - 8.80  in.2  kd 


kd  + 3.5  kd  - 42.24  - 0 


kd  = 


•3*52 


(3.52)  - (4) (1) (-42. 24) 
2(17" 


kd 


_ -3-52  + 13.47  = 4 


975  in. 


2.  After  locating  neutral  axis  as  shown  and  then  equating 


Cl 


external  to  internal  moments,  the  reinforcement  stresses  are  determined 
as  follows:: 


M,  = M,  . = A f jd 
t int  s s 

jd  = d - | (kd)  = 12  in.  - 10.34  in. 


Using  a 6000-lb  load  and  the  procedures  outlined  in  Appendix  B, 


Mt  = 193,234  in. -lb 


f 


s 


vrrm 

S 


193.234  in. -lb  , 
(0.88  in.2) (10.34  in.) 


= 21,236  or  21,240  psi 


C2 


APPENDIX  D:  NOTATION 

Cross-sectional  area  of  concrete  = (b  x h) 

Effective  concrete  area  in  uniform  tension,  which  is  assumed  to 
be  2(h  - d)b 

Area  of  conventional  (tensile)  reinforcement 

Width  of  beam 

Concrete  conpressive  force 

Distance  from  center  of  gravity  of  conventional  reinforcement  to 
the  top  fiber  of  concrete 

Distance  from  the  point  of  measurement  of  a crack  to  the  sur- 
face of  the  nearest  reinforcing  bar 

Diameter  of  individual  reinforcing  bar 

Modulus  of  elasticity  of  conventional  concrete 

Modulus  of  elasticity  of  conventional  reinforcement 

Concrete  compressive  (unit)  stress  in  the  uppermost  fibers  of 
the  beam 

Compressive  strength  of  concrete 
Reinforcement  field  strength 
Reinforcement  stress 

Concrete  tensile  stress  at  which  cracking  occurs  in  lowermost 
fibers  of  beams 

Term  of  a crack  width  prediction  equation  ( considered  to  be 
equal  to  l/m2Pe) 

Height  of  beam 

Moment  of  inertia  of  the  gross  concrete  cross  section  of  beam 

Moment  of  inertia  of  the  net  transformed  area  of  reinforcement 

Total  moment  of  inertia  or  I + I , 

c st 

Constant  = 1 - k/3 

Moment,  aria  or  distance  between  the  compressive  and  tensile  forces 

Constant  depending  on  properties  of  conventional  concrete  and 
reinforcement 

Distance  from  neutral  axis  to  the  top  fiber  of  concrete  when' 
tensile  strength  of  the  concrete  is  neglected 

Denotes  larger  beams  . 

Constant  which  is  considered  to  be  equal  to  4 


D1 


M 


dl 


M 


ext 


M 


int 


**L 


si 


M 


si 


Mt 

n 

V 

P 


lsl 

Pu 

W 


Moment  due  to  the  dead  load 
External  moment  of  beam 
Internal  moment  of  beam 
Moment  due  to  the  live  load 

Live  service  load  moment,  or  the  live  load  moment  which  when 
combined  with  the  dead  load  moment  (Mai)  produces  the  maximum 
anticipated  moment  of  the  service  loads  (Ms]_) 

Maximum  anticipated  moment  of  the  service  loads,  or  the  moment 
required  to  produce  concrete  compressive  stresses  of  0.45  f^ 

Total  external  moment  or  M^  + 

e7e 

s'  c 

Reinforcement  ratio  = A /bd 

s' 

Any  load  applied  to  beam 

Balanced  design 

Initial  cracking  load  of  beam 

Ratio  of  area  of  conventional  reinforcement  to  the  effective 
concrete  area  subject  to  uniform  tension  or  A /A 

S 0 

Live  service  load 

Ultimate  failure  load  of  beam 

Weight  (mass)  of  concrete 


W Maximum  crack  width 

max 

Y Distance  frcm  neutral  axis  to  the  top  fiber  of  concrete  when 
the  tensile  strength  of  the  concrete  is  considered 


D2 


In  accordance  with  HR  70-2-3,  paragraph  6c(l)(b), 
dated  1$  February  1973>  a faceinlie  catalog  card 
in  Library  of  Congreae  format  la  re, produced  below. 
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